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“  A8STRAC  T  — — — — — J - — - - - - -  - 

The  ARPA-NRL  high  energy  laser  prograt  's  concerned  with  the  development  of  laser 
technology  in  four  program  areas;  Chemical  Lasers,  Electric  Discharge  Lasers;  High 
Power  Glass  Lasers  and  New  Laser  Techniques.  The  Chemical  Laser  Program  has  consisted 
of  primarily  two  experiments;  the  development  of  a  DF-C02  supersonic  transfer  laser, 
and  the  study  of  the  CO  vibrational  distribution  from  the  reaction  0+  CS.  The 
DF-C02  device  has  been  assembled  and  passivated  for  use  with  fluorine.  Data  on  the 
vibrational  distribution  from  0  +  CS  has  been  obtained  using  a  laser  probe  technique. 

Assembly  of  the  amplifier  chain  of  the  short  pulse  C02  laser  system  has  continued. 

The  nominally  1  nsec  pulse  that  Is  switched  out  of  an  acousto-optically  mode- locked 
train,  has  been  amplified  from  1  nvJ  to  20  mJ  through  the  first  amplifier  stage.  All 
amplifier  components  which  will  suable  the  system  to  be  scaled  to  30  J  are  expected  to 
be  in  hand  daring  the  next  reporting  period. 

Under  the  New  Laser  Techniques  Program  a  pulsed  0D- CO,  transfer  laser  has  been  operated 
for  the  first  time.  * 

The  High  Power  Glass  Laser  Is  operating  reliably  and  over  2000  shots  have  been  fired 
uring  “*•  r«Portlng  period.  This  has  permitted  statistics  to  be  compiled  on 
the  laser  s  performance  and  Initial  laser-target  Interaction  experiments  to  be  carried 
out. 

This  report  covers  the  progress  made  in  the  program  during  the  first  half  of  FY-73. 
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FOREWORD 


The  Laser  Physics  Branch  of  the  Optical  Sciences  Division,  Naval 
Research  Laboratory,  Washington,  D.C,  prepared  this  semi-annual  report 
on  work  sponsored  by  the  Advanced  Research  Projects  Agency,  ARPA  Order 
2062.  Co-authors  of  the  report  were  J.R.  Airey,  O.C.  Barr,  L.  Champagne, 
N.  Djeu,  J.P.  Letellier ,  J.M.  McMahon,  S.  Searles,  J.  Stregack,  W.S. 

Watt  and  W.  Whitney. 


ABSTRACT 


The  ARPA-NRL  high  energy  laser  program  is  concerned  with  the  development 
of  laser  technology  in  four  program  areas;  Chemical  Lasers,  Electric 
Discharge  Lasers,  High  Power  Glass  Lasers  and  New  Laser  Techniques. 

The  Chemical  Laser  Program  has  consisted  of  primarily  two  experiments; 
the  development  of  a  DF-C02  supersonic  transfer  laser,  and  the  study 
of  the  CO  vibrational  distribution  from  the  reaction  0  +  CS.  The 
DF-C02  device  has  been  assembled  and  passivated  for  use  with  fluorine. 
Data  on  the  vibrational  distribution  from  0  +  CS  has  been  obtained  using 
a  laser  probe  technique. 

Assembly  of  the  amplifier  chain  of  the  short  pulse  CO  laser  system 
has  continued.  The  nominally  1  nsec  pulse  that  is  switched  out  of  an 
acous to- optically  mode- locked  train,  has  been  amplified  from  1  mJ  to 
20  mJ  through  the  first  amplifier  stage.  All  amplifier  components 
which  will  enable  the  system  to  be  scaled  to  30  J  are  expected  to  be 
in  hand  during  the  next  reporting  period. 

Under  the  New  Laser  Techniques  Program  a  pulsed  OD-CO  transfer  laser 
has  been  operated  for  the  first  time.  * 

The  High  Power  Glass  Laser  is  operating  reliably  and  over  2000  shots 
have  been  fired  during  the  last  reporting  period.  This  has  permitted 
statistics  u  be  compiled  on  the  laser's  performance  and  initial  laser- 
target  interaction  experiments  to  be  carried  out. 

Tl  is  report  covers  the  progress  made  in  the  program  during  the  first 
half  of  FY-73. 

PROBLEM  STATUS 

This  is  a  semi-annual  technical  report;  work  is  conti  ing. 

AUTHORIZATION 

NRL  Problems  K03-08A,  N01-21,  R08-45,  K03-53 
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CHEMICAL  LASER  PROGRAM 


1 •  D£l£02  SuPersonic  Transfer  Chemical  Laser 

The  concept  of  a  supersonic  DF-CO  chemical  laser  capable  of  cw 
operation  without  a  vacuum  pump  has  been  discussed  in  detail  in 
previous  reports.  Briefly  it  involves  the  addition  of  fluorine  and 
euterium  at  appropriate  regions  of  combustion-driven  C02  gasdynamic 
laser.  These  additives  react  to  provide  a  source  of  vibrationally 
excited  DF  which  then  transfers  energy  to  the  CO,  molecule.  This 
addition  of  a  nonequilibrium  chemical-energy  source  shows  premise  as 
a  means  of  upgrading  th.  efficiency  of  the  gasdynamic  C02  laser. 

The  approach  taken  at  NRL  has  been  to  acquire,  modify  and  install  an 
existing  gasdynamic  laser  to  permit  DF-CO,  supersonic  chemical  laser 
operations.  These  procedures  along  with  necessary  cold-flow  tests 
and  preliminary  combustion-chamber  firings  were  completed  during  the 
last  reporting  period. 

During  this  last  six  months  we  have  been  concerned  with  the  establish¬ 
ment  of  proper  flow  conditions  in  preparation  for  the  introduction  of 
fluorine  and  deuterium  into  the  gas  flow.  In  particular  these  efforts 
were  concentrated  toward  assuring  that  complete  conversion  of  CO  to 
C02  is  accomplished  in  the  combustion  clumber  and  testing  the  modified 
diffuser  system.  Completion  of  these  tasks  was  followed  by  complete 
disassembly,  cleaning  and  reassembly  of  the  apparatus.  This  prepara¬ 
tion  was  required  before  fluorine  could  be  safely  introduced  into 
the  apparatus.  Passivation  of  the  apparatus  was  the  final  task 
completed  during  the  present  reporting  period. 

Complete  oxidation  of  the  CO  to  C02  is  required  to  prevent  the  formati 
of  COF2  by  the  reaction  of  CO  with  F2.  In  addition  to  depleting  the 
fluorine  concentration,  the  formation  of  C0F2  has  been  recognized  as  a 
potential  loss  mech-.iism  in  the  DF-CO2  laser  system  as  a  result  of  its 
ibsorption  near  10  u  and  as  a  deactivator  of  the  CO  upper  laser  level 
Measurements  of  the  composition  of  the  combusted  gas  have  been  made 
for  an  extensive  series  of  "est  firings  with  a  wide  range  of  initial 
gas  flow-rates.  In  all  cares  where  there  was  satisfactory  combustion 
initiation  and  an  excess  of  oxygen  concentration  the  amount  of  carbor 
monoxide  remaining  was  always  below  0.57,  of  its  initial  value. 
Conversion  of  this  amount  of  CO  to  COF  is  estimated  to  have  a 
negligible  effect  on  the  DF-CO2  laser  performance. 


One  of  the  key  technical  aspects  of  the  present  program  is  to  achieve 
full  atmospheric  pressure  recovery.  With  the  mode  of  operation  of  the 
present  device,  the  diffuser  initially  experiences  a  supersonic  flow 
whose  Mach  number  is  M  «  4.5.  Upon  initiation  of  the  D2/F2  chemistry 
there  is  an  increase  in  temperature  and  pressure  of  the  gas  entering 
the  diffuser  which  is  accompanied  by  a  reduction  in  Mach  number.  Thus 
the  diffuser  is  required  to  operate  reliably  over  a  wide  range  of 
gasdynamic  conditions.  In  particular,  it  is  important  that  the  chemical 
energy  addition  does  not  dislodge  the  shock  wave  from  the  diffuser 
as  this  would  result  in  a  shock  wav<  sitting  in  the  nozzles.  The 
resulting  high-pressure,  high  temperature  gas  would  probably  be  in  a 
non-inverted  state  and  would  not  lase. 

In  an  extensive  series  of  tests,  the  diffuser  performance  has  been 
examined  as  a  function  of  combustor  temperature,  pressure  and  gas 
composition.  Briefly,  the  diffuser  requires  a  combustor  pressure 
above  ~  230  psi  *-o  start  and  atmospheric  pressure  recovery  is  main¬ 
tained  as  long  as  the  steady-flow  pressure  is  greater  than  ~  200  psi. 

For  the  maximum  CO  delivery  rate  a  gas  mixture  which  contained  only 
helium  as  a  diluent  was  found  to  attain  insufficient  combustor 
pressure  to  reliably  start  the  diffuser.  Substitution  of  a  portion  of 
the  ,'elium  with  nitrogen  serves  to  raise  the  combustor  pressure  at  the 
expense  of  combustor  temperature  with  a  corresponding  improvement  in 
the  diffuser  performance.  By  replacing  arpi. oximately  157  of  the 
helium  with  nitrogen  a  series  of  conditions  have  been  established 
where  the  diffuser  performance  could  not  be  faulted.  Experiments  will 
shortly  be  initiated  to  investigate  the  effect  of  chemical  energy 
addition  on  these  conditions.  Meanwhile  modifications  to  the  combustion 
chamber  are  planned  to  allow  a  greater  CO  delivery  rate  at  which 
higher  combustion  pressures  will  be  attained. 

2 •  CO  Population  Distributions 

Preliminary  results  have  been  obtained  on  the  initial  vibrational 
distribution  of  CO  from  the  reaction  0  +  CS.  While  the  data  are 
quite  reproducible,  further  instrumentation  will  be  needed  to  prove 
that  the  distribution  is  unrelaxed. 

fhe  experiment  is  set  up  as  follows.  Discharged  oxygen  containing 
about  257  0  atoms  is  brought  to  react  with  CS?  in  a  tube  fitted  with 
Brewster's  windows.  The  tube  Is  connected  to  a  high- capaci ty  diffusion 
pump,  so  that  the  residence  time  of  an  average  product  CO  molecule  in 
the  tube  is  about  one  millisecond.  The  apparatus  is  situated  inside 
a  cw  CO  laser  cavity.  The  oscillation  range  of  the  single-mode 
frequency- tuning  cuive  of  the  laser  is  measured  with  and  without  CSo 
injection  into  the  reactor.  The  optical  gain  or  loss  introduced  by 
the  reaction  0  +  CS  is  then  calculated.  This  is  done  for  about  half 
a  dozen  transitions  in  each  band  so  that  the  inversion  ratio  between 
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the  two  connected  vibrational  levels  can  be  determined. 

Experiments  have,  thus  far  been  carried  out  for  CO  product  pressures 
of  1J  and  20  millitorr.  Inversion  ratios  were  obtained  for  the 
v  =  15  —  /  =  14  down  to  the  v  =  4  —  v  =  3  bands.  In  both  cases, 
except  for  the  highest  band,  which  showed  an  inversion  ratio  of 
about  0.4,  all  Nv/Nv_^  were  measured  to  be  between  0.8  and  0.9.  At 
the  pressures  used,  each  CO  molecule  could  collide  with  another  CO  in 
a  neighboring  vibrational  level  a  number  of  times  in  the  one  milli¬ 
second  residence  time.  Hence,  it  is  possible  that  the  distributions 
measured  thus  far  have  undergone  some  V-V  relaxation. 

At  present,  a  new  reactor  apparatus  is  being  built  to  afford  a 
residence  time  sufficiently  short  to  insure  no  V-V  relaxation  of  the 
CO  product.  Also,  a  different  probe  laser  is  being  construct  d 
which  hopefully  will  operate  down  to  the  v  =  2  — -  v  =  1  band. 
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SHORT  PULSE  CO:  MOLECULAR  LASER 

The  system  design  for  the  short  pulse  high  energy  laser  has  been 
reworkid  to  include  five  NRL-built  solid  Rogowski  electrode  amplifiers, 
two  Iumonics  Series  600  amplifiers,  and  an  electron  beam  excited 
amplifier.  The  first  Rogowski  electrode  amplifier  has  a  discharge 
volume  of  2  x  2  x  100  cm.  The  next  four  amplifiers  have  discharge 
volumes  of  3  x  3  x  50  cm  each.  A  two  power  beam  expander  scales  the 
beam  up  to  the  Lumonics  amplifiers  which  have  discharge  volumes  of 
9  x  9  x  50  cm  each.  The  electron  beam  excited  amplifier  has  a 
discharge  volume  of  10  x  10  x  100  cm  and  will  be  operable  up  to 
2.5  atmospheres  pressure.  The  major  change  in  the  system  is  the 
elimination  of  the  segmented  cathode  amplifier  which  utilizes 
surface  preionization  created  by  corona  discharges  between  metal 
blades  and  glass  rods.  This  amplifier  required  too  much  maintenance 
in  the  form  of  replacement  of  broken  glass  rods.  We  found  that  the 
solid  electrode  UV  initiated  amplifiers  achieved  higher  peak  gains, 
better  pulse  to  pulse  reliability,  and  were  much  more  durable. 
Additional  stages  of  amplification  were  added  because  of  preliminary 
measurements  which  incicated  that  the  saturation  energy  flux  for 
short  pulses  may  be  a  factor  of  three  lower  than  calculations  predict. 

1 •  Short  Pulse  Oscillator 

An  atmospheric  pressure  CO2  oscillator  has  been  acousto-optically 
mode-locked  with  a  Brewster-angle  germanium  crystal.  A  single 
nanosecond  pulse  has  been  switched  out  of  the  train  of  mode- locked 
pulses  with  a  GaAs  Pockel's  cell  activated  by  a  laser- triggered 
spark-gap.  The  switched-out  pulse  energy  has  been  increased  from  1  mJ 
to  20  mJ  through  one  stage  of  amplification.  Recent  experiments  have 
focused  on  increasing  the  reliability  of  this  system. 

2.  TEA  Pre-Amplifiers 

rwo  types  of  volume  TEA  discharges  were  investigated  as  short  pulse 
preanplifier  elements.  One  utilizes  two  solid  Rogowski  electrodes 
with  volume  pre ionization  created  by  UV  emission  from  an  au\iliary 
discharge.  The  other  utilizes  a  segmented  cathode  with  surface 
pre.onization  created  bv  corona  discharges  between  metal  blades  and 
glass  rods.  The  problems  uncovered  with  the  latter  design  caused  it 
to  be  dropped  from  the  system. 

The  solid  electrode  design  is  very  promising.  Repeatable  glow 
discharges  have  been  obtained  in  a  50%  He,  25%  C02,  25%  N2  mixture 
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devL  Tr8y  ?PUt  °f  250  j°UleS  per  liter  in  2  x  2  x  100  cm 
3  L.  8yi  nPUtS  to  the  3  X  3  X  50  cm  amplifiers  have  been 

in  excess  oTy/  ^  Sma11  si^al  8ain  coefficient  is 

than  907,.  '  1116  pulse  tC  pulse  feproducibi  1  ity  is  better 

We  have  tented  resistor  pin  and  wire  type  a  xiliary  preionizing 
discharges.  The  resistor  pin  discharges  provided  more  reliablf 
peration  at  low  C02  concentrations,  but  the  wire  type  discharges 
ere  superior  at  high  C02  concentrations.  The  addition  of  small 

“Tut  llTnfu  ^  inpu^thout 

arcing,  but  the  benefit  was  so  slight  that  we  discontinued  its  u.e. 

indiTrT^  ^  the  3  x  3  x  50  cm  amplifiers 

5haC  8®f f“ JScillction  was  occurring  between  the  highly 
p  ished  electrodes.  We  found  that  a  light  sandblasting  of  the 
electrode  surface  reduced  specular  reflectance  from  >  957.  to  <  10% 

beingelngeCd  0n  SUppr6SSed  wlthout  the  discharge  propert^s 
The  delivery  of  the  Lumonics  amplifiers  has  been  delayed  to  March 

^ •  10  Liter  e-beam  Amplifier 

Mflyupl?"  rrLer  W3S  hCld  ln  December  at  Maxwell  Laboratories  between 
Maxwell  end  NRL  representatives.  The  design  appeared  to  be  satiHactoi 

;  «>dlfication.  being  made.  lire  device"  is  scheduled  for 

testing  at  Maxwell  in  May  and  delivery  in  mid-June. 
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NEW  LASER  TECHNIQUES 


The  effort  to  find  new  laser  systems  during  this  reporting  period 
has  produced  a  new  chemical  CO  laser,  the  OD-CO  system.  The 
attractive  feature  of  this  laser  is  that  the  reaction  products  are 
completely  harmless,  as  compared  to  the  effluent  of  the  DF-CO 
system.  Laser  pulses  were  obtained  from  the  OD-CO-  system  when 
mixtures  of  ,  0^,  CO  ,  and  He  were  flash  photolyzed.  The  pumping 
mechanism  is  believed  to  be  the  following: 

hv 

°3 - -02  +  0('D> 

0(’D)  +  D2— #-0D*  +  D 

D  +  0_ - ►OD*  +  0 

3  2 

OD*  +  C02— - *«  OD  4-  C02* 


Feak  powers  in  the  neighborhood  of  1  kW  have  been  obtained  from  this 
laser.  The  results  of  this  work  will  appear  in  Applied  Physics 
Letters  shortly,  and  a  preprint  of  this  paper  is  included  in  the 
Appendix. 

Another  project  under  this  New  Laser  Techniques  heading,  the  double 
pulse  excitation  experiment,  has  made  great  progress  in  the  last 
six  months.  The  construction  of  the  electronics  has  now  been  completed. 
The  DC  circuitry  is  capable  of  generating  a  1  jusec  pulse  with  a  rise 
time  of  0.1  usee,  at  8  kV  and  25  A.  This  is  followed  by  a  similar  RF 
pulse,  with  the  separation  between  the  two  pulses  being  adjustable  to 
any  desired  time.  It  is  anticipated  that  experimentation  with  this 
novel  excitation  scheme  will  begin  shortly,  after  the  completion  of 
the  other  hardware  parts. 
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HIGH  POWEk  GLASS  LASER  PROGRAM 

Introduction 


t  close  of  the  laser  reputing  period  solutions  were  thought  to 
e  In  .land  for  most  problems  afflicting  the  NRL  system  when  used  for 
subnanosecond  operation.  The  system  was  noting  llt.“  ^tage  of  routln, 
operation  for  target  shooting  for  DNA  and  AEC/OST  funded  pfogiama 
Basic  techniques  for  controlling  spatial  and  temporal  beam  ch.racter- 
Istics  to  prevent  self  focusing  had  been  vorked  out.  ReaU^Yt  of 

^VCr^r  TrTatIne  the8'  t*ch"1'"“‘  began  In  late  101^7 
with  target  shooting  commencing  on  21  August  1972.  * 

^nTri200J  “h0tS  °n  the  SyStCm  8lnce  t!ien  have  allied  study  of 
la^r  /  economic  factors  involved  in  operation  of  a  large  glass 
laser  system.  The  large  number  of  shots  have  allowed  reasonable 

the  laser's  beh6  ?  n0t  °nly  of  the  ^get  behavior  but  also  of 

laser  s  behavior.  Operation  of  the  system  over  this  reportine 

aU^Y“e8tS  C°  the  UtllUy  °f  the  techniques  developed  XI  has 
allowed  us  to  turn  our  attention  to  questions  of  reliability 

bSrrSeSY™  StaMUty  “*  -illty/lYarget 

Control  of  the  Self-Focusing  Problem 

At  the  dose  of  the  first  reporting  period  we  reported  on  several 

withCshort  fCatl°n8  ^  thC  FrCnCh  SyStem  t0  make  ic  more  compatible 
th^  th  Pi‘J8e  °Paration-  0ur  self- focusing  measurements  indicated 
lD  ;  ^linear  index  of  refraction  was  a  constant  for  short  puJses 

MG  of s' ?  P  f  1  n8ec)-  The  measured  values  for  ED-2,  LG-56  and 
G  915  laser  glasses  indicated  that  n2  ~  7  x  10’4  eSU  (-10-15  cm2/watt) 

There  are  several  immediate  systems  consequences  of  these  observations: 

time  bandwidth  limited  pulses  will  have  higher  damage  thresholds 
than  pulses  with  temporal  structure  since  self  focusing  can 
toilow  picosecond  temporal  structure; 

'  f?  ‘r  IVT  ^oue\, f'Vhe  laser  glasses  that  some  dynamic  vave- 

fronc  distortion  will  be  present  in  terawatt  level  systems;  and 

"  !f r?'\'nOU8h. that  8pCctral  broadening  due  to  self  phase 

modulation  has  to  be  considered.  H 
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ihe  implementation  of  these  considerations  consisted  of 


-  oscillator  modifications  to  ensure  time-bandwidth  limited  opera¬ 
tion.  This  was  done  by  making  the  oscillator  front  mirror  be  the 
bandwidth  selecting  etalon; 

minimization  of  the  glass  path  length  in  the  system  since  both 
self  phase  modulation  and  wavefront  distortion  wiH  varv  as 
l 

-  n2  J  P(*,)d<,; 


-  staging  the  output  level  of  the  amplifiers  as  the  square  of  the 
area  to  make  gross  self  focusing  equally  unlikely  through  the 
system  and  also  to  mainimize  self  phase  modulation  and  wavefront 
distortion. 

During  the  present  reporting  period  we  have  carried  this  work  forward 
into  the  area  of  improved  spatial  beam  quality  and  have  concentrated 
on  what  practical  levels  of  operation  can  be  achieved  routinely. 

Spatial  Mode  Shaping 

While  a  TEM  oscillator  mode  is  certainly  optimal  in  the  oscillator 
it  is  not  the  most  desirable  mode  for  propagation  through  amplifiers 
for  the  basic  reason  that  the  intensity  does  not  approach  zero  radially 
for  many  beam  diameters.  This  causes  Fresnel  diffraction  from  apertures 
and  the  Fresnel  r^ngs  will  self  focus.  This  led  us  to  try  various 
apodization  techniques  to  suppress  the  wings  of  the  Gaussian  with 
minimum  penalty  in  spatial  ripple  due  to  the  apodization.  The  technique 
we  have  found  most  successful  to  date  is  a  two  step  truncation  pro¬ 
cedure  using  hard  apertures.  This  approach  consists  of  truncating  the 
TEMpo  mode  after  the  oscillator  and  then  truncating  at  the  first 
dark  ring  of  the  Airy  disc  8  meters  away.  Truncating  at  the  e" ^ 
point  induces  spatial  ripple  of  <  17.  in  the  near  field  of  the  second 
aperture . 

Amplifier  Train  Configuration 

Following  the  general  "less  is  better"  philosophy,  it  was  possible  to 
eliminate  the  16  mm  rod  amplifier  by  driving  the  23  mm  and  32  mm 
amplifiers  harder.  Improved  flashlamps  obtained  from  1LC  as  well  as 
the  higher  gain  of  Ow^ns  Illinois  glass  have  allowed  us  to  do  so 
without  any  penalty  in  reliability. 

The  result  of  these  fixes  has  been  to  allow  routine  operation  of  the 
system  through  the  45  mm  amplifier  with  no  short  term  degradation.  In 


~  2000  shots  on  the  AEC  and  DNA  programs  the  only  long  term  degradation 
noted  is  that  the  45  ram  amplifier  rod  has  to  be  replaced  every  500  - 
600  shots  due  to  accumulated  damage  although  on  a  single  shot  no 
damage  is  observable.  The  causes  of  the  degradation  over  many  shots 
appears  to  be  basically  alignment  errors  in  routine  operation 
compounding  the  fact  that  the  margin  for  error  is  very  slight  for 
this  rod.  In  this  amplifier  the  peak  power  density  at  the  input  is 
=*■  3  xlO^  w/cm2  and  ~  2  x  10^®  w/cm2  at  the  output. 

The  64  mm  rod  amplifier  Ins  proven  to  be  not  useful  for  routine 
operation  in  that  damage  will  occur  in  a  few  shots  and  degradation  of 
the  useful  output  level  will  occur  in  ~  50  shots  as  noted  in  the  last 
report.  There  are  several  factors  which  compound  the  problem- 

-  the  power  density  is  very  high  through  the  rod.  1010  w/cm2  at 
the  input  and  4  x  10^  w/cm2  at  the  output; 

-  any  alignment  error  giving  rise  to  2%  spatial  modulation  on  a 
millimeter  diameter  scale  will  cause  self  focusing  in  the  rod 
due  to  the  long  length; 

-  high  optical  quality  rods  of  this  3ize  (2000  cnv*)  are  essentially 
unobtainable  at  this  time. 

Disc  amplifiers  appear  to  have  a  much  higher  tolerance  for  structure 
on  the  beam  in  that  we  have  run  in  excess  of  2  x  10^®  w/cm2  with  no 
evidence  of  self  focusing  damage  and  the  University  of  Rochester  has 
reported  even  higher  levels.  This  seems  plausible  in  that  very  high 
power  densities  are  required  to  focus  in  a  single  disc;  additionally, 
focusing  through  a  series  of  discs  should  not  lead  to  the  large 
scale  beam  steering  effects  observed  in  rods  since  most  of  the  path 
length  is  in  air  with  a  small  value  of  ^  (°*  7  x  10"  ^  esu)  rather 
than  in  glass. 

The  solution  we  are  pursuing  to  this  problem  is  to  replace  the  64  mm 
rod  with  a  44  mm  disc  amplifier  using  the  same  pump  cavity  for  the 
small  disc  amplifier  that  was  used  for  the  64  mm  rod.  In  this 
helically  pumped  disc  amplifier  we  expect  a  small  signal  gain  of 
=“  7  -  8  db  and  in  the  system  expect  it  to  amplify  the  output  of  the 
45  mm  rod  to  ~  60  -  70  joules.  This  will  then  be  fed  to  three  new 
65  nan  disc  modules  to  amplify  the  pulse  to  =-  500  J. 

Large  Disc  Amplifier.  Mechanical  and  Electrical  Design. 


The  65  mm  aperture  amplifier  has  been  used  to  study  the  physics  of 
energy  storage  and  extraction  and  in  that  sense  has  served  as  a 
prototype  for  the  15  cm  aperture  amplifier  (Appendix  A).  In  a 


similar  fashion,  it  seemed  wise  to  prototype  the  mechanical  and 
electrical  designs  on  the  smaller  amplifier.  Problems  could  then  be 

level  80  6d  bef°re  'hCy  WCre  8Caled  UP  t0  an  overwhelming 

re'veaLf e  "'T*  ffA/NRL  dl8C  ^P11*1"  d^"g  the  past  year  had 
revealed  a  number  of  inconveniences  which  interfere  with  its  use  on  a 

day- in-day-out  basis.  Mechanical  and  electrical  redesign  would  both 
serve  as  a  prototype  for  the  proposed  15  cm  amplifier  and  significantly 
reduce  the  number  of  man  hours  of  labor  required  to  sustain  normal  * 
operations  at  100  +  shots  on  target  per  week  when  operating. 

Specific  problems  that  have  been  identified  for  action  are 

rapid  degradation  of  transmission  due  to  accumulation  of  dirt 
on  discs; 

fixed  orientation  (vertical  polarization)  which  places  constraints 
on  the  system  isolation  design; 

high  voltage  arc-overs  on  cables  from  the  capacitor  bank. 

Two  fixes  have  been  incorporated  iu  the  present  disc  amplifier  to  help 

Howev^SC<  a  8‘  ThG  dl8C  h0lder8  Had  beCn  gold  Plated  aluminJS. 
However,  in  order  to  put  on  the  gold,  the  aluminum  is  first  plated  with 

zinc.  Sufficient  flashlamp  light  is  absorbed  by  the  gold  to  boil  the 
zinc,  throwing  gold  fragments  on  the  glass  discs.  The  gold  and  zinc 
have  been  removed  from  the  disc  holders  and  the  aluminum  then  was 
chemically  and  mechanically  polished.  This  has  proven  to  be  quite 
satisfactory  The  reflectors  remain  gold  plated  brass.  Filters  have 
been  placed  in  the  nitrogen  lines  which  are  used  to  purge  the  head 
during  a  shot. 

ILe  Technology  Inc.  of  Sunnyvale,  California,  the  manufacturer  of  the 
t lashlamps,  has  been  contracted  with  to  design,  fabricate,  and 
deliver  a  prototype  module.  This  will  be  six  discs  (compared  to  the 
present  11)  to  reduce  weight  and  balance  problems  on  the  head  mounts, 
ne  constraint  placed  on  this  design  is  that  the  discs  are  to  be 

!aaled  in  an  afr  tight’  n*tro8en  purged  chamber.  They  are  separated 
from  the  flashlamps  by  Pyrex  shields,  allowing  servicing  the  lamps 
without  exposing  the  discs  to  the  atmosphere.  The  present  structure 
s,  of  course,  nitrogen  purged  during  a  shot  to  prevent  acoustic 
shock  waves  due  to  oxygen  absorption  of  ultraviolet  lamp  radiation 
ut  the  structure  is  completely  open  to  the  atmosphere  between  shots. 

Experience  with  sealed  stacked  plate  polarizers  indicate  that  limiting 

S?:rre  the  atTnosPhere  lndeed  preserves  glass  cleanliness. 
Additionally,  a  disc  amplifier  retrofit  for  the  64  mm  French  amplifier 


hcs  been  developed,  which  is  completely  sealed  and  purged  with  N 
With  it  a  quantitative  answer  will  be  obtained  for  how  frequent ly' such 
an  amplifier  must  be  disassembled  for  cleaning. 

The  frequent  lamp  failures  experienced  have  been  mainly  restricted  to 
seal  failures .  New  mounts  for  the  lamp  ends  have  been  devised  and 
installed  on  the  ground  end  of  the  lamps  in  the  present  head.  High 
voltage  limitations  prevented  installation  of  the  new  mounts  of  both 
ends  in  the  present  head.  Initial  results  indicate  a  significant 
reduction  in  seal  failures. 

ILC  was  awarded  a  contract  to  work  on  this  problem.  The  work  has 
been  completed  and  a  copy  of  their  report  is  included  (Appendix  D) 

The  basic  results  were  that  they  modified  the  NRL  lamp  mount  to 
eliminate  the  high  voltage  arcing  problem.  This  allowed  mounting  the 
lamps  with  currents  reversed  in  adjacent  lamps,  reducing  magnetic 
fields  in  the  head  by  a  factor  of  20.  They  conducted  life  tests  to 
failure  for  lamps  with  large  length  to  diameter  ratios.  These  tests 
confirmed  that  the  basic  life,  formulas  derived  from  small  lamps  are 
valid  for  these  large  lamps''  .  As  a  final  test  ILC  built  a  test  jig 
representing  1/2  of  the  new  disc  amplifier  cavity  and  ran  500  shots 
at  maximum  energy  on  the  flashlamps.  All  these  results  are  being  ' 
incorporated  in  the  new  design^'. 

The  ILC  design  is  proceeding  in  such  a  manner  that  the  entire  head 
can  be  rotated  1180°  to  accommodate  any  polarization  dictated  by  the 
system  isolation  requirements.  The  stacked  plate  polarizers  and  the 
disc  ampUfier  retrofit  for  the  French  64  mm  head  have  been  designed 
tor  360  rotation  for  similar  reasons. 


1.  The  lamp  is  given  a  single  shot  explosion  rating 

Egx  (joules)  =  20,00C  J  dt^ 

where  l  (length)  and  d_(diameter)  are  in  cm  and  t  is  the  character¬ 
istic  time  constant  a/Lc  of  the  single  mesh  drive  circuit,  t  is  thus 
«  1/3  of  the  full  width  current  pulse  in  seconds.  The  lifetime  is 

then,  approximately  (Eex/E)tJ,->  where  E  is  the  actual  lamp  loading 
(joules  per  shot).  These  were  determined  experimentally  for  lamps  of 
4  mm  bore  and  2  inch  arc  length. 

2.  The  first  ILC  effort  relating  to  lamp  life  was  funded  to  a  level 
of  $24  K.  The  second  phase,  involving  delivery  of  an  actual  amplifier 
module,  is  a  $31  K  effort.  It  is  anticipated  that  three  additional 
modules  will  be  procured  for  $12  -  15  K  each. 
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The  high  voltage  arcing  of  the  drive  cables  has  been  analyzed. 
Basically,  the  present  load  cables  (Amphenol  °1412)  were  selected 
because  ot  their  small  size.  This  leads  to  small  radii  of  curvature 
of  the  insulation  on  the  center  conductor  and  allows  arcs  to  form  on 
the  outside  of  the  insulation  and  travel  (track)  along  it  to  ground. 
Return  to  RG-8/RF-213  cable  seemed  the  simplest  solution.  The  test 
modules  delivered  to  ILC  for  their  test  program  used  RG-8  cables 
No  problems  were  encountered  and  thus  the  present  head  is  being  retro¬ 
fitted  to  RG-8  as  timi  is  available.  Temporary  anti-ringup  fixes 
have  been  put  on  the  unconverted  capacitor  bank  modules  until  all 
are  converted  to  RG-8  cables. 

Emphasis  should  be  placed  on  the  current  utilization  of  the  original 
amplifier.  Present  operations  follow  the  pattern  of  disassembly  and 
cleaning  ot  the.  discs  every  Monday.  The  amplifier  is  reassembled  and 
operations  stai  ted  by  Tuesday  noon.  Twe.it  to  thirty  shots  per  day 
can  be  achieved  from  then  thru  Friday  evening.  Routine  operation 
(limited  by  isolation  from  target  back  scatter)  at  60  joules  on 
targets  of  CD2  and  high  Z  metals  with  peaks  of  100  joules  have  been 
achieved.  It  is  anticipated  that  the  routine  will  move  to  over  100- 
joules  and  with  installation  of  the  64  mm  head  modified  with  discs, 
operation  to  200  J  on  target  will  be  reached  in  May  1973. 

Isolat ion 


In  order  to  use  the  laser  system  for  irradiating  targets  for  the  DNA 
funded  x-ray  generation  program  and  the  AEC/0ST  funded  laser  induced 
fusion  program,  it  was  necessary  to  isolate  the  laser  from  the  back- 
re fleeted  light  from  the  target.  Although  this  has  been  done  on  0NA 

and  AEC  funding,  a  short  description  is  included  here  for  informational 
purposes . 

A  simple  statement  of  the  problem  is  that  lasers  are  bi-directional 
amplifiers.  A  one  raillijoule  pulse  from  the  oscillator  is  amplified 
(outgoing)  to  100  J  for  a  gain  of  50  db.  Small  signal  rains  of  60  to 
70  db  are  typical.  A  1%  reflection  back  into  the  laser  (1  J)  is 
amplified  backwards  until  some  component  simply  vanishes. 

Two  factors  tend  to  magnify  the  scale  of  the  disaster.  Subnanosecond 
pulses  are  shorter  than  the  lower  state  lifetime  of  Nd  glass.  Thus  in 
even  heavily  saturated  amplifiers  the  outgoing  pulse  can  extract  only 
60,  ot  the  stored  energy  (for  single  pass  amplifiers,  75%  for  double 
pass,  etc).  The  target  reflection,  some  200  nsec  later  (in  the  NR1. 
case)  has  essentially  the  same  gain  as  the  outgoing  pulse. 

The  outgoing  pulse  is  diverging  through  the  amplifiers  to  maintain  a 
peak  power  density  of  <  1010  w/cm2.  The  reflected  pulse  is  converging 
as  it  is  amplified.  Further,  it  is  not  safe  to  assume  that  a  point 
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in  the  laser  can  tolerate  the  same  energy  in  both  directions.  The 
outgoing  pulse  is  carefully  shaped  spatially  and  temporally  to 
minimize  the  chances  of  self  focusing.  The  back  reflected  pulse  may 
not  have  as  clean  a  profile.  In  the  NRL  system,  components  are 
derated  by  a  factor  of  2  to  10  for  the  back  reflected  pulse,  depending 
on  their  tendency  to  suffer  from  self  focusing  of  the  beam. 

Isolation  considerations  can  be  divided  into  two  interrelated  areas: 
system  configuration  and  component  design.  System  design  takes  into 
consideration  desired  safety  levels,  expected  target  b  kscatter 
characteristics,  amplifier  gains  and  optical  losses  within  the 
constraints  set  by  physically  realizable  isolation  comporent  specifica¬ 
tions  and  practical  alignment  accuracies.  The  components  must  then 
be  designed  tc  meet  and  maintain  the  performance  levels  demanded  by 
the  system  and  must  be  capable  of  being  aligned  by  simnle,  straight¬ 
forward  means. 

The  basic  objective  set  for  the  system  design  was  to  protect  the 
system  from  a  reflection  representing  1007.  of  the  outgoing  energy 
(assumed  to  be  500  J  for  the  final  configuration  of  the  present  system) 
whoso  polarization  could  be  rotated  to  any  arbitrary  angle  with 
respect  to  the  polarization  of  the  outgoing  beam.  The  case  of  a 
perfectly  aligned  system  was  first  analyzed  since  the  worst  case 
polarizations  are  always  parallel  to  and  perpendicular  to  that  of  the 
outgoing  beam.  Then  an  analysis  was  mat  e  of  the  degradat  ion  caused 
by  reasonable  misalignments  ot  individual  components  and  then  groups 
of  components.  For  these  cases  all  possible  polarizations  must  be 
considered.  Finally,  system  configurations  are  iterated  to  minimize 
component  count  and  alignment  accuracy  requirements . 

It  is  in  fact  reasonable  to  assume  a  system  requirement  of  withstanding 
1007„  of  500  J  back  reflection.  It  is  possible  to  achieve  this  level 
of  protection  with  real  components  although  the  safety  margin  does  not 
encourage  routine  operation  in  this  regime^).  At  expected  routine 
levels  of  250  -  350  J,  the  safety  margins  are  very  comfortable  and 
with  reflections  nearer  17»  rather  than  1007.,  no  damage  should  be  seen. 
This  extra  margin  of  safety  will  allow  demonstration  of  one  or  two 
15  cm  amplifiers  on  the  system  after  the  final  isolator  without 
requiring  additional,  large  aperture,  isolators.  Components  have  been 
designed  for  this  final  system  configuration  and  those  in  hand  have 
been  used  for  intermediate  level  operations.  One  such  system  configura¬ 
tion  that  has  been  used  at  NRL  is  shown  in  Figures  1  and  2.  It  is 
typical  of  the  way  the  various  components  can  be  arranged  and  its 
performance  has  been  verified.  Specifications  were  set  at  100  J  on 
target  and  a  safe  back  reflection  of  10  J  of  arbitrary  polarization. 

1.  French  AEC  experimenters  have  reported  407.  reflections  back  into 
their  high  power  glass  laser. 
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lhe  cIlsc  tssion  now  switches  to  a  component  by  component  discussion 
staiting  irom  the  output  end.  Due  to  lack  of  an  adequate  piece  of 
Faraday  rotator  glass  to  withstand  the  energy  density  at  the  disc 
amplifier  output  this  amplifier  was  located  after  the  last  isolation 
element.  [his  set  the  10  J  reflection  limit  for  this  configuration, 
[able  l  shows  stage  by  stage  levels. 


ihe  output  polarizer  (No.  2)  consisted  of  6  plates  of  BK-7  glass. 
Plates  are  wedged  1°  and  fanned  for  an  angle  of  incidence  of  58°  to 

per  surface,  slightly  greater  than  Brewster's  angle.  Tr  ansirission 
of  957,  for  the  transmitted  polarization  and  107„  for  the  rejected 
p ilarization  were  achieved.  Additional  plates  could  improve  rejection 
to  ,_6  ib  with  transmission  of  >  907o.  Better  rejection  ratios  are 
difficult  to  achieve  due  to  surface  scatter. 


'he  65  mm  aperture  amplifier,  operating  at  J57„  pump  energy,  has  a  small 
signal  gain  of  5  and  a  cross  polarized  transmission  of  207,. 


The  laraday  rotators  consist  of  a  2  cm  thick  8  cm  aperture  piece  of 
Owens  Illinois  EY-1  glass  in  a  34  kilogauss  magnetic  field.  The 
poluiization  is  rotated  45°  outgoing  and  an  additional  45°  upon 
reflection.  Rotator  2  operates  on  the  reflected  light  polarized 
parallel  to  the  outgoing  beam  and  rotator  1  kills  the  perpendicularly 
polarized  components.  Magnetic  field  uniformities  or  l",  have  been 
measured,  adequate  for  40  db  rejection  between  perfect  polarizers. 
Rejections  of  -30  db  for  rotator  1  and  -34  db  for  rotator  2  have  been 
measured  when  double  internal  reflections  within  the  glass  are  spatially 
filtered  out.  p^se  limits  are  set  by  inclusions  in  presently  available 


samples  of  EY- 


Polarizer  No.  1  is  similar  to  Ho.  2  except  it  has  12  plates  and  a 
rejection  of  20  db  (1%)  with  a  transmission  of  947,. 


1.  Owens  Illinois  delivered  the  present  two  pieces  under  a  $10  K 
best  effort  contract.  They  have  received  $50  K  from  AEC  labs  to  further 
improve  the  glass  optical  quality. 
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TABLE  I 


APPROXIMATE  REFLECTED  ENERGY  LEVELS  IN  SYSTEM 

POLARIZATION 

COMPONENT _ H _ i _ OUTGOING  LEVEL 


Output  face  of  polarizer  2 

10  J 

10  J 

120  J 

Input  face  of  polarizer  2 

10 

1 

Input  face  disc  amplifier 

50 

.2 

Input  face  polarizer  1 

.5 

.2 

30 

Input  face  64  mm  rod 

1 

.4 

Output  face  45  mm  rod 

.01 

.4 

15 

Output  face  rotator  1 

.001 

3.2 

Output  face  32  mm  rod 

.001 

.004 

4 

Input  face  32  mm  rod 

.02 

.06 

Output  face  Pockel's  cell 

.02 

.001 

Output  face  23  ram  rod 

.00002 

.001 

.2 

Mirror 

.0002 

.01 

.07 

The  rod  amplifiers  using  the 
properties. 

French  cavities  have  the 

following 

APERTURE 

GLASS 

SMALL  SIGNAL  GAIN 

TYP I CAL  OUTPUT  ENERGY 

64mm 

LG-56 

2X  (3  db) 

30  J 

45mm 

ED- 2 

6X  (8  db) 

15  J 

32mm 

ED- 2 

20X  (13  db) 

4  J 

23mm 

ED-2 

10X  (10  db) 

.25  J 

In  all  cases 

the  birefringence  is  assumed  to  be 

1%  based  on  our  worst 

case  measurements.  When  this  system  was  operating  the  flashlamp 
curre  ^s  in  the  64  mm  head  were  alternated  for  zero  Faraday  rotation. 
The  rotation  in  the  45  and  32  mm  heads  was  on  the  order  of  a  few 
degrees,  causing  unnecessary  losses  for  the  outgoing  beam.  The  lamps 
in  the  45  mm  head  have  since  been  alternated  and  the  32  and  23  mm  heads 
will  soon  be  similarly  modified. 

Thin  film  polarizing  coatings  on  BK-7  glass  substrates  have  been 
obtained  from  Laser  Energy  Inc.  of  Rochester,  N.Y.  Their  properties 
are  rejection  «  20  db  and  transmission  >  95%  for  an  angle  of  incidence 
of  60°.  The  polarizer  located  after  the  45  mm  amplifier,  operating  at 
a  beam  energy  density  of  2  J/cm2  («  1  J/cm2  on  the  coating)  damaged 
after  50  -  100  shots  at  0.9  ns  pulsewidth.  The  plates  at  other 
locations  have  survived  beam  energy  densities  of  1  J/cnT  and  continue 
to  show  no  sign  of  damage. 
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Pockel's  tell  No.  2,  of  27  mm  aperture,  is  pulsed  to  90°  rotation  for 
the  outgoing  pulse  and  rests  at  0°  rotation  for  the  reflection 
Residual  birefringence  in  the  KD*P  crystal  limits  reject  by  crossed 
po  arizeis  to  about  32  db.  A  much  lower  level  of  performance  is 
emanded  in  this  particular  system  configuration.  Safe  operation  at 
1  J/cm^  is  assumed  and  a  transmission  of  90%  is  reasonable. 

GsnCjite  an<1  ^  P  glan  prisms  have  been  used  here.  Extinctions  of 
.  0  r’  are  possible  between  crossed  high  quality  prisms.  The  penalty 
is  that  transmission  is  reduced  to  about  50%  per  prism.  By  misaligning 
e  pr  sms  for  an  extinction  of  about  -30  db  (comparable  to  the  limits 
set  by  the  Pockel's  cell  birefringence1*  ,  transmissions  of  87%  are 
achieved.  The  LEI  polarizers  appear  to  be  a  preferable  way  to  go 
especially  at  large  apertures  where  it  is  desirable  to  minimize 
losses  for  the  outgoing  pulse.  Safe  subnanosecond  levels  of  1  J/Cm2 
are  assumed  although  no  single  shot  damage  has  been  observed  at  3  J/Cm2 

The  turning  m.rrors  live  at  1  J/cm2  or  0.1  J  total  energy.  Any  level 
safe  on  them  is  safe  for  the  YAG  amplifiers  and  oscillator  so  the 
isolation  analysis  ends  at  the  turning  mirrors. 

The  final  system  consideration  is  a  failure  analysis.  The  isolation 
depends  upon  both  Pockel's  cells  and  Faraday  rotators.  Our  practice 
with  Pockel's  cells  is  to  apply  an  electric  field  (10  -  12  kV  total, 
duration  5  -  20  ns)  to  the  crystal  when  the  outgoing  pulse  is  expected 
to  pass  through  and  remove  the  field  afterwards.  Improper  timing  will 
kill  the  output  pulse  and  incorrect  voltages  will  cause  excessive 
losses.  When  the  reflection  retuns  to  the  Pockel's  cell,  it  is  at 
zero  volts,  a  level  that  can  be  achieved  with  great  precision  and  Mgh 
field  uniformity  across  the  aperture.  This  maximizes  the  extinction 
ratio  of  the  Pockel's  cell.  The  electrical  pulse  is  generated  by  a 
pulse  forming  transmission  line  charged  by  a  low  current  power  supply, 
thus  a  second  pulse  is  not  possible  as  the  network  can  not  recharge  in 
the  200  nsec  period.  Failure  of  the  Pockel's  cell  kills  the  outgoing 
pulse  but  always  leaves  the  system  in  its  maximum  protection  state 
for  any  back  reflection. 


The  same  is  not  true  for  the  Faraday  rotators.  They  are  designed  for 
45  rotation  per  pass,  thus  the  polarizers  located  before  and  after 
each  rotator  are  only  45°  rather  than  90°  apart.  If  a  rotator  fails 
the  outgoing  beam  suffers  only  a  3  db  loss,  rather  than  the  20-30  db ’ 
with  a  similar  failure  in  a  Pockel's  cell.  The  back  reflection  pro¬ 
tection  of  -20  to  -26  db  anticipated  also  becomes  -3  db  if  the  rotator 
magnetic  field  is  gone.  Thus  the  total  protection  anticipated  for  a 
tailed  Faraday  rotator  is  6  db  (3  db  outgoing  and  3  db  reflection) 
rather  than  26  db.  The  approach  taken  at  NRL  is  to  use  a  long,  flat 
topped  current  pulse  (top  flat  U%  for  90  -  100  Msec).  The  current  is 
carefully  measured  after  it  reaches  its  peak.  If  it  is  out  of  tolerance, 
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no  voltage  pulse  is  applied  to  Pockel's  cell  No.  2,  killing  the 
outgoing  pulse  there  and  averting  disaster. 

Oscillator  Stability  Study 


In  the  course  of  setting  up  a  second  node  locked  Nd:YA-t£  system  for 
prepulse  and  pulse  shaping  studies  on  the  DNA  contract,  we  took  the 
opportunity  to  perform  some  studies  on  the  stability  of  the  mode- locked 
YAG  system  developed  for  ARPA  in  preceeding  years.  A  photodiode- 
integrator-pulse  height  analyzer  combination  was  used  to  determine  the 
distribution  «  f  pulses  in  energy.  The  inherent  resolution  of  the  system 
was  determined  to  be  better  than  +  1%.  In  typical  situations  5000  to 
50,000  pulses  were  run  with  an  oscillator  set  up  identically  to  the 
fashion  in  which  the  master  oscillator  on  the  French  laser.  The 
distribution  was  found  to  have  a  width  corresponding  to  ±5%  reproduci¬ 
bility. 

A  comparison  was  run  between  a  poorly  regulated  power  supply  and  a 
.01%  voltage  regulated  KEPCO  power  supply  (which  is  used  in  the  laser 
master  oscillator).  The  distribution  for  the  poorly  regulated  supply 
had  a  width  of  +7.5%  while  the  well  regulated  supply  a  width  of  ±5%. 

A  simmer  supply  was  tried  with  both  power  supplies  to  see  if  it  would 
stabilize  thi  arc.  It  did  not  appear  to  improve  the  situation  in 
either  case. 

Our  iirst  guess  as  to  the  cause  of  this  lack  of  reproducibility  was 
that  the  arc  in  the  flashlamp  did  not  fill  the  bore  and  from  shot  to 
shot  would  not  behave  in  a  reproducibile  fashion.  A  2  mm  bore  flash- 
lamp  was  then  suostituted  for  the  4  mm  bore  flashlamp.  This  produced 
a  marked  improvement  with  both  power  supplies.  Tie  distribution  widths 
were  +5%  aid  ±3%  respectively.  Various  checks  for  thermal  instabilities 
in  the  rod  revealed  that  these  did  not  seem  operative  and  that  the 
sleeved  rods  had  no  apparent  thermal  transients. 

It  was  found  that  the  absorption  coefficient  of  the  mode  locking  dye 
changed  by  =>•  -1%/°C,  which  could  lead  to  long  term  thermal  drifts  in 
the  output.  The  dye  was  therefore  stabilized  to  nominal  room  tempera¬ 
ture  (24°C  ±  . 1°G) . 

It  was  also  found  (not  surprisingly)  that  bandwidth  limiting  etalons 
had  to  be  stabilized  to  ±1°G  to  avoid  thermal  drifts  in  the  output. 

At  present  the  limit  appears  to  be  the  switching  reproducibility  of 
the  saturable  absorbers  and  attempts  are  being  made  to  improve  this 
via  filtration  to  remove  particles  in  suspension  and  surge  chambers 
to  minimize  vibration  and  pressure  gradients. 


17 


The  reproducibility  level  achieved  to  date  appears  adequate  for  system 
operation.  It  also  appears  that  while  ±17.  operation  may  be  hoped  for, 
±0.1%  operation  will  be  difficult  to  achieve. 

This  oscillator  was  run  for  some  fundamental  studies  on  avalanche 
breakdowr  in  solids  in  cooperation  with  Harvard  University  and 
Raytheon  (Appendix  C). 
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Naval  Research  Laboratory 
Washington,  D.C.  20375 
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ABSTRACT 


Laser  oscillation,  based  on  the  transfer  of  vibrational  energy  from 
OD (OH)  to  C02  and  OD  to  NO,  was  observed  during  the  flash  photolysis 
of  mixtures  containing  ozone. 


(1  2 ) 

Pulsed  C02  lasers  ’  have  been  pumped  by  energy  transfer  from 
vibrational ly  excited  HC1  and  DF(HF)  produced  In  chemic  1  reactions, 
Recently  an  efficient  reaction  mechanism  was  proposed  for  an  OH- CO 
transfer  laser.  We  wish  to  report  detection  of  optical  gain  anil 

subsequent  laser  emission  from  the  flash  photolysis  of  ().,  -  D0(H  )  - 
and  O3  -  D2  -  N2O  mixtures.  i  ^  2 


CO. 


The  experimental  apparatus  consisted  of  a  3m  optical  cavity  formed  by 
a  4m  maximum  reflectivity  dielectric  mirror  and  a  4m  gold  coated  mirror 
with  either  a  1  or  2  mm  hole  for  output  coupling.  Along  the  optical 
axis  within  the  cavity  there  were  two  units.  One  unit  was  a  1.5m 
conventional  electrically  driven  gain  tube.  The  other  was  a  flash 
photolysis  unit.  This  contained  six  lamps  which  pumped  75  cm  of  the 
110  cm  long  2.5  cm  diameter  fused  silica  tube  which  was  fitted  with 
Brewster  angle  windows.  The  photolysis  pulse  had  a  12  psec  FWHM. 
iypically  the  flash  energy  was  1500  J.  Laser  output  was  detected  by 
a  gold  doped  germanium  detector  after  passing  through  a  germanium 
filter.  The  detector  output  was  displayed  on  an  oscilloscope  which 
could  be  triggered  by  the  initiation  of  the  photo-flash. 

The  experimental  work  commenced  by  probing  C02  mixtures  in  the  photolysi 
unit.  The  operation  of  the  gain  tube  was  adjusted  so  that  laser  OHcllla 
tion  occurred  near  threshold.  Specifically  a  gain  of  0.27.  greater  than 
the  cavity  loss  was  found  to  give  a  reliable  operation.  The  el  feet  ol 
this  arrangement  is  to  create  a  nearly  zero  loss  optical  cavity  at  one 
line  in  the  C02  band  for  the  intracavity  flash  photolysis  system. 

Thus  a  small  change  in  gain  during  a  flash  could  result  in  a  substantial 
amplification  of  the  laser  output  signal.  The  composition  of  the 
flashed  gases  was  varied  to  maximize  the  peak  laser  power  enhancement. 


The  first  probe  experiments  were  with  03  -  C02  mixtures.  These 
mixtures  were  not  expected  to  give  amplification  but  were  intended  as 
a  check  on  the  overall  operation.  However,  laser  power  enhancement 
occurred.  A  peak  factor  of  80  was  obtained  from  a  flashed  mixture 
0.9  1 orr  03  and  3.7  C02.  The  pulse  width  at  half  maximum  (amplification 
factor  c c  40  for  this  experiment)  was  14  usee.  In  further  trials, 
independent  laser  oscillation  (that  is,  with  the  probe  laser  switched 
off)  was  not  observed. 


After  a  number  of  probe  experiments  involving  di Cerent  partial 
pressures  of  O3 ,  C02  and  D2  were  carried  out,  the  electrical  discharge 
was  turned  off.  The  next  experiment  gave  independent  laser  action. 

With  0.85  torr  O3,  the  peak  power  was  found  to  be  independent  of  the 
total  pressure  over  the  range  30  -  180  torr  for  an  equimolar 
C02  -  D~  situation.  The  peak  power  was  250  W  and  the  maximum  energy 
was  ~  0.7  mJ  as  determined  by  a  calibration  of  the  detector  against 
an  Eppley  thermopile.  An  oscillograph  of  the  laser  pulse  is  shown 
in  Fig.  1.  Use  of  a  2  mm  coupling  hole  instead  of  the  1  mm  coupling 
hole  gave  approximately  the  same  laser  power.  Reflashing  a  gaseous 
mixture  yielded  about  107.  of  the  power  obtained  from  the  original 
mixture.  Two  experiments  were  carried  out  with  added  CO.  20  torr 
of  CO  quenched  laser  action  while  5  torr  only  slightly  reduced  the 
laser  signal.  Substitution  of  H,  for  D2  gave  a  607.  reduction  in  power. 

A  spectr ographic  determination  of  the  laser  transitions  showed  the 
P(12)  -  P(24)  lines  to  be  present. 

Replacement  of  the  C02  by  N20  gave  laser  emission  on  the  P(14)  to 
P(24)  lines.  Peak  power  was  50  W  in  the  O3  -  D2  -  N20  mixtures  while 
O3  "  H2  ~  CO 2  mixtures  did  not  lase . 

The  reaction  chemistry  leading  to  the  new  lasers  reported  here  is 
sufficiently  complex  and  unknown  that  a  probe  device  was  needed  to 
find  a  mixture  which  would  give  independent  laser  action.  However 
some  of  the  mechanism  is  known  with  certainty.  The  primary  act  in  the 
flash  is  the  production  of  O^D)  and  O^Aj  from  03.W  The  role 
of  02(  4g)  is  ignored  because  of  its  low  reactivity  with  the  reagents/5) 
In  contrast  0(  D)  is  highly  reactive  and  is  consumed  either  by  energy 
transfer  or  reaction  at  nearly  every  collision  with  O3,  C02,  or  D2.^’6) 

In  mixtures  without  D2  the  inversion  in  CCL  is  most  probably  caused 
directly  by  energy  transfer  from  0(JD)  to  the  V3  mode  of  C02. 

Addition  of  D2  to  the  mixture  provides  an  additional  path  for  removal 
of  0(D).  In  a  1:1  mix  of  D2  and  C02  with  these  gases  in  excess  of 
03,  approximately  ha’f  of  tK  0(1d)  reacts  with  D2  according  to 

0(*D)  +  D2  -  OD*  (v  £  6)  +  D.  (1) 

A  subsequent  additional  source  of  0D*  is  the  reaction  of  D  with  0o. 
Charters  et  al*  '  have  shown  that  for  J 


H  +  03  -  OH  (v  S  9)  +  02 
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(2) 


the  major  fraction  of  the  reaction  exothermici ty  appears  as  vibration 
in  OH.  Also  the  reaction  rate  is  fast  due  to  a  high  rate  constant  ° 
and  high  ozone  concentration.  The  fact  that  laser  emission  occurs  upon 
reflashing  a  mixture  demonstrates  that  not  all  the  ozone  is  decomposed 
in  a  single  flash.  Therefore,  the  O3  concentration  during  the  first 
flash  is  expected  to  be  sufficiently  great  that  reaction  (2)  will  make 
a  useful  contribution  to  the  total  0DT  production.  Further  study  is 
necessary  to  establish  the  relative  importance  of  the  two  sources  of 
OD  .  Reaction  (3)  then  populates  C02(v3).  The  rate  of  energy  transfer 


OD(V)  +  C02  -  CO(v3)  +  OD(V-l)  (3) 


has  not  been  measured  though  it  may  be  expected,  by  analogy  with  the 
measured  L)1  -CO2  rates*  ,  to  be  fast.  The  high  concentrations  of  D2 
and  CO2  that  are  required  for  optimum  laser  power  indicates  deleterious 
sicle  reactions  involving  either  O3  or  reaction  intermediates  such  as 
OD  . 

Vibrationally  excited  OD  can  disappear  by  two  side  reactions. 

(i)  The  reactions  of  0D+  with  0^  are  fast  as  has  been  shown  for 
0H+  by  Potter  et  al.(l0) 


(ii)  The  reaction  of  OD  may  also  be  rapid  if  vibrational  energy 

is  useful  in  surmounting  the  activation  energy  of  the  reaction. 

A  recent  measurement^^  of  the  rate  of  deactivation  of  by 

ozone  has  shown  the  process  to  be  highly  efficient  with  a  rate  constant 
of  7  x  10^1  cm^  mole”!  sec-^  at  300°K.  The  high  concentration  of  CO2 
necessary  for  optimum  operation  at  first  seems  surprising  since  it 
also  leads  to  an  initially  high  concentration  of  the  lower  laser  state. 
However  the  high  concentration  is  obviously  necessary  to  make  the 
0D^-C02  transfer  rate  competitive  with  the  unwanted  0D+  side  reactions. 


The  reduction  in  laser  power  when  H2  is  substituted  for  D2  is  to  be 
expected  on  the  basis  of  slower  deactivation  rates  of  OD^  compared 
with  0H^.  The  side  reactions  of  0H+  may  also  be  faster  than  OD  . 


Addition  of  CO  was  not  beneficial  to  the  laser  operation.  The  purpose 
of  the  CO  addition  was  to  see  if  the  production  of  0D+  could  be 
increased  by  the  reaction  sequence 
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CO  +  OD*  -  C02  +  D 
D  +  03  -  OD1,  +  02. 


However ,  the  rate  of  the  first  step  cannot  compete  with 
of  O(lD)  as  in  CO  +  0(1D)  -  CO  +  0(3P). 

The  N20  chemistry  is  quite  similar  to  the  C02  chemistry, 
major  difference  is  that  the  deactivation  of  0(^D)  bv  N 
N2  and  02.(5) 
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(4) 

(5) 

the  deactivation 

The  only 
0  leads  to 
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APPENDIX  B 


A  GLASS  DISK  LASER  AMPLIFIER* 

J.M.  McMahon,  J.L.  Emmett*,  J.F.  Holzrichtert  and  J.B.  Trenholme* 


Naval  Research  Laboratory 
Washington,  D.C.  20375 

ABSTRACT 


This  paper  is  concerned  with  the  details  of  the  analysis,  design,  and 
operation  of  a  Nd-glass-disk  laser-amplifier  which  has  been  constructed 
at  the  Naval  Research  Laboratory.  Gain  and  fluorescence  measurements 
have  been  compared  to  theoretical  predictions;  these  show  that  0.6  J/cin 
energy  storage  is  achieved  in  the  disk  (assuming  a  cross  section  of 
3.0  x  10"2®  cl<2).  The  effects  of  unsuppress  2d  parasitic  oscillations 
are  demonstrated,  and  an  effective  method  of  preventing  their  occurrence 
it  shown.  The  disk  amplifier  has  demonstrated  320  J  output  in  a  1  nsec 
pulse  with  110  .7  input. 
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I.  INTRODUCTION 


High  energy,  short-pulse  lasers  are  presently  of  great  interest  for 
experiments  with  plasmas,  x-rays  and  controlled  fusion.  The  designer 
who  contemplates  the  construction  of  these  systems  is  presented  with 
major  engineering  problems,  particularly  with  the  final  amplifier. 
This  paper  is  concerned  with  the  details  of  the  analysis,  design,  and 
operation  of  a  glass  disk  laser  amplifier  which  serves  as  the  output 
stage  of  a  large  laser  system. 


Historically,  solid  state  lasers  have  been  constructed  using  rods 
as  the  active  elements.  When  the  designer  turns  to  larger  rods  as  he 
strives  to  increase  laser  output,  he  finds  that  the  rod  fabrication 
rapidly  becomes  more  difficult  as  the  size  increases.  In  addition, 
the  thermal  relaxation  time  of  the  rod  becomes  large,  the  pump 
uniformity  is  poor,  and  self- focusing  of  the  laser  beam  in  the  long 
path  through  the  rod  causes  destructive  damage.  These  problems  combine 
to  make  Nd"+  glass  rod  amplifiers  undesirable  above  a  diameter  of 
about  4  cm. 


The  disk  laser  ,  in  which  the  active  material  is  in  the  form  of 
separate  slabs  set  at  Brewster's  angle  to  the  beam,  offers  an  attractive 
means  of  avoiding  the  problems  that  beset  large  rod  systems.  This  was 
first  discussed  by  Swain  et  al<2).  Disks  may  be  made  in  sizes 
sufficient  to  amplify  beams  much  larger  than  those  practical  with 
rods.  Fabrication  of  the  disks  is  relatively  easy,  and  since  the 
disks  can  be  pumped  through  their  faces,  pumping  uniformity  is 
greatly  improved.  Damage  to  one  disk  due  to  sel f- focusing  or  other 
causes  does  not  destroy  the  entire  amplifier.  Also,  rapid  thermal 
transport  through  the  disk  faces  reduces  the  thermal  time  consta. t 
compared  to  a  rod  of  equivalent  aperture  size  (for  diameters  much 
greater  than  the  disk  thickness). 


Disk  lasers  are  not  without  their  own  set  of  problems.  The  lower 
average  density  of  active  material  in  a  disk  amplifier  cavity  may 
reduce  the  pump  coupling  efficiency,  and  the  long  gain  paths  available 
in  the  individual  disks  may  lead  to  parasitic  oscillation  problems, 
although  parasitic  problems  arise  in  any  laser  medium  when  the  gain 
across  a  characteristic  dimension  is  large.  A  disk  laser  will  be 
more  complicated  (and  thus  more  costly)  than  a  rod  laser.  Finally, 
an  important  practical  difficulty  is  the  problem  of  keeping  the  many 
optical  surfaces  in  a  disk  amplifier  clean. 

In  the  following  sections,  gain  and  fluorescence  measurements  on  the 
Naval  Research  Laboratory's  disk  amplifier  are  presented.  The  results 
of  these  measurements  are  compared  to  theoretical  predictions.  We 
show  that  a  relatively  high  pumping  efficiency  has  been  achieved. 

The  effects  of  unsuppressed  parasitic  oscillations  are  demonstrated, 
and  an  effective  method  of  preventing  their  occurrence  is  shown. 
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II.  THE  NRL  DISK  LASER 


A  disk  laser  amplifier  has  been  constructed  and  operated  at  the  Naval 
Research  Laboratory.  This  laser  is  designed  to  act  as  the  final 
amplifier  following  a  modified  CGE  VD-640  Nd3+  glass  rod  laser  systenPl 
The  output  of  the  rod  system  is  a  100  J  pulse  of  less  than  1  ns  duration 
in  a  6  cm  diameter  beam.  The  beam  profile  is  not  an  exact  Gaussian, 
but  it  has  a  smooth  variation  of  power  with  radius,  and  only  small 
amplitude  ripples  due  to  diffraction  (this  lack  of  abrupt  spatial 
changes  inanplitude  is  necessary  to  avoid  self-focusing  damage  in 
the  system).  The  disk  amplifier  was  designed  to  have  an  output  of 
400  J  with  this  input  pulse. 

Since  the  terminal  level  of  the  laser  transition  in  laser  glass  does 
not  have  time  to  empty  during  a  subnanosecond  pulse,  a  maximum  of  half 
of  the  stored  energy  can  be  extracted  in  a  single-pass  amplifier.  Toe 
input  energy  density  to  the  disk  amplifier  is  close  to  one  saturation 
flux,  thus  less  than  this  maximum  will  be  extracted.  To  raise  the 
100  J  input  to  400  J  means  that  300  J  must  be  extracted  or  that  about 
1000  J  must  be  stored  in  the  disk  amplifier.  Measurements  by  Swain 
et  al  and  preliminary  coupling  efficiency  estimates  that  0.6  J/cni 
could  be  stored  in  the  glass  indicated  that  ~  1700  cm+3  of  glass 

would  be  required.  These  considerations  i.ed  to  a  design  consisting  of 
11  disks  of  Owens-Illinois  ED-2  glass  set  at  Brewster's  angle.  Each 
disk  is  a  14  cm  x  7  cm  ellipse  of  2  cm  thickness.  The  beam  Hath 
length  through  the  disks  is  thus  26  cm. 

The  pump  source  for  the  disks  consists  of  22  linear  flashlamps  with 
their  axes  parallel  to  the  beam  axis.  The  flashlamps  are  placed 
around  the  disks  in  a  close  coupled  arrangement  (Fig.  1).  The  lamps 
have  a  145  cm  arc  length,  and  are  10  mm  ID  by  14  mm  OD  xenon  lamps 
of  conventional  design  filled  to  450  T.  Each  lamp  is  driven  by  a 
separate  42  p.F,  20  kV  capacitor  module  through  a  300  juH  inductor 
These  circuit  values  are  chosen^  '  to  give  a  critically-damped  pulse 
whose  width  (340  jus)  is  optimal  for  pumping  ED-2  glass,  and  to 
insure  a  lamp  life  of  more  than  1(T  shots  in  free  air  (the  lifetime 
is  reduce  1  in  the  laser  cavity  due  to  self  loading).  The  total  stored 
energy  in  all  the  modules  is  185,000  J  at  20  kV. 

The  cavity  structure  consists  of  11  disk-lamp  holders  and  a  two-piece 
outer  reflector  (Fig.  1).  The  metal  surfaces  were  gold-plated  to 
provide  high  pump-band  reflectivity,  low  uv  reflectivity,  and  chemical 
inertness  in  a  high- light- flux  environment.  The  cavity  is  purged 
with  gaseous  nitrogen  to  cool  the  disks  between  shots  and  to  remove 
oxygen  from  the  cavity  in  order  to  prevent  shock  wtve  formation^3) . 

The  operation  of  large  laser  systems  is  limited  by  optical  damage 
caused  by  the  intense  optical  beam.  For  pulse  widths  of  several 
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nanoseconds  or  less,  se If- focusing  damage  is  more  serious  than  surface 
or  bulk  damage.  The  flux  levels  at  which  our  system  operates  do  not 
exceed  the  surface  and  bulk  damage  thresholds  of  the  glass  used.  We 
have  observed  tnat  self-focusing  damage  is  due  to  wavefront  distortion 
arising  from  dirt  or  optical  imperfections,  rather  than  collapse  of 
the  beam  as  a  whole. 

III.  ENERGY  STORAGE  MEASU  EMENTS 

When  the  disk  laser  was  first  operated,  the  gain  achieved  at  high 
pump  levels  was  considerably  less  than  expected.  This  difficulty  was 
traced  to  the  presence  of  parasitic  oscillations  (free  lasing)  within 
the  individual  disks.  These  parasitics  were  eliminated  by  coating 
the  di '•k  edge  with  an  absorbing  glass  coating.  The  disk  amplifier  was 
then  able  to  meet  the  design  goal  of  0.6  J  cm"^  energy  storage. 

The  disk  laser  problem  was  diagnosed  by  measuring  the  small  signal 
gain  of  the  amplifier.  For  small  signals,  the  amplifier  output 
intensity  is  given  by 


I  =  IQ  exp  (a  n  t  -  y  l) 


where  I  is  the  input  intensity,  a  is  the  stimulated  emission  cross 
section°of  the  laser  material  at  the  signal  wavelength  (3  x  10“^  cm^ 
for  ED-2  at  1.064  p) ,  n  is  the  inversion  density,  *  is  the  length 
through  the  amplifying  material  (26  cm  in  this  case),  and  y  is  the 
absorption  coefficient.  By  measuring  the  pumped  and  unpumped  gain 
(loss),  n  may  be  determined  if  o-f  is  the  same  in  both  cases.  The 
stored  energy  density  is  then  found  from  n. 

3+ 

The  gain  measurements  were  made  using  a  Chromatix  1000  C  Nd  :YAhG 
laser  operating  in  a  TEM  spatial  mode  as  a  probe  source  (Fig.  2). 

This  laser  was  tuned  to  ?fie  desired  transition,  and  the  beam  was 
passed  through  the  disk  amplifier.  The  beam  was  about  5  mm  in  diameter, 
and  passed  along  a  line  about  2  cm  from  the  center  of  the  disks.  A 
portion  of  the  beam  was  split  off  before  passage  through  the  amplifier 
for  use  as  a  reference.  The  reference  beam  and  the  amplified  beam  was 
measured  by  SI  biplanar  photodiodes ^  with  diffusers  and  pump  light 
shields.  Saturation  at  the  detectors  was  carefully  avoided.  The 
probe  lase*  we s  operated  in  the  pulsed,  multiply-Q-switched  mode.  It 
emitted  six  to  ten  pulses  at  20  n sec  intervals.  The  time  variation 
of  the  disk  amplifier  gain  could  thus  be  followed. 

Measurements  were  first  performed  to  determine  if  the  low  gain 
observed  in  the  disk  amplifier  was  due  to  a  pump-induced  loss  (that  is, 
to  an  increase  of  y  during  the  pump  pulse).  Such  a  loss  might  be  due 


to  formation  of  transient  color  centers  in  the  glass(7),  to  an  induced 
absorption  in  the  air  path,  to  pumped  birefringence  in  the  disks,  or 
to  other  unknown  causes.  However,  measurements  at  0.946  um  and  1.12  ™ 
showed  neither  gain  nor  loss,  and  measurements  at  1.052  u,  1.064  n, 
1.074  U  and  1.079  u  showed  small  gains  which  were  proportional  to  the 
values  of  0  at  those  wavelengths  which  could  be  inferred  from  published 
fluorescence  data  on  this  glass <8>.  Thus  any  pump-induced  loss  was 
required  to  have  exactly  the  same  line  shape  as  the  gain.  This 

appeared  unlikely,  and  so  an  induced  loss  was  rejected  as  the  cause  of 
the  trouble. 

Consequently  the  difficulty  had  to  be  a  result  of  low  inversion,  which 
could  be  due  either  to  fluorescence  amplification  or  to  parasitic 
oscillations.  Calculations  (outlined  later)  show  that  fluorescence 
amplification  causes  only  a  small  decrease  in  inversion  for  the  disk 
size  and  gain  used  in  the  NRL  laser.  Thus  parasitic  oscillations  in 
the  disks  were  the  suspected  cause. 

Parasitic  oscillations  in  disks  are  expected  to  be  sensitive  to  the 
absorption  at  the  disk  edge.  A  series  of  tests  were  therefore  run  with 
different  edge  treatments  on  the  disks.  For  each  treatment,  a  series 
of  measurements  were  made  at  different  input  energies  to  the  disk 
amplifier.  At  each  energy,  the  gain  was  found  as  a  function  of  time 
during  the  disk  pump  pulse.  Figure  3  shows  a  typical  set  of  these 
experimental  curves,  plotted  as  per  disk  gain  versus  time. 

The  effect  of  different  edge  treatments  is  shown  in  Fig.  4.  This 
shows  the  maximum  stored  energy  density  achieved  as  a  function  of  bank 
energy.  A  fine-ground,  acid-etched  surface  next  to  a  gold  plated 
surface  begins  oscillating  at  an  extremely  low  stored  energy  of 
0.15  J/cm  .  Since  no  more  energy  may  be  stored  once  oscillation 
starts,  the  stored  energy  is  limited  to  a  very  low  value.  Replacing 
the  gold  surface  with  blackened  copper  raises  the  threshold  to 
0.43  J/cm  ,  but  oscillation  still  occurs.  When  the  edge  of  the  disk 
is  coated  with  a  black  glass  ' ,  no  oscillation  is  observed  and  the 
desired  energy  density  is  achieved.  The  observed  dependence  of 
maximum  stored  energy  on  edge  treatment  shows  conclusively  that  the  low 
gain  of  the  disk  laser  was  caused  by  parasitic  oscillation. 

Additional  measurements  were  performed  to  verify  the  presence  of 
parasitic  oscillations  in  the  disk.  The  1.06  jLxm  radiation  out  of  the 
major  and  minor  axes  of  one  of  the  elliptical  disks  was  monitored  by 
means  of  a  fiber-optic  light  guide  leading  to  a  monochromator  and  a 
SI  photo-multiplier.  Small  flats  were  polished  on  the  edges  of  the 
disk,  and  the  fiber  bundle  was  optically  contacted  to  one  or  the  other 
with  a  high-viscosity  silicone  fluid.  The  disk  was  pumped  in  its 
normal  position  inside  the  disk  amplifier.  Neutral  density  and  band¬ 
pass  filters  were  required  in  addition  to  the  monochromator,  in  order 
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to  maintain  linearity  and  reject  flashlamp  radiation.  Electric  and 
magnetic  shielding  of  the  electronics  was  also  employed. 

The  peak  1.06  pm  output  from  the  major  and  minor  axes  is  plotted  in 
Figure  5  as  a  function  of  bank  energy.  The  large,  rapidly  rising 
signal  along  the  major  axis  when  a  fine-ground,  acid-etched  edge  is 
next  to  a  gold  plated  surface  is  evidence  for  an  oscillation  in  the 
disk.  The  smaller,  linear  output  with  a  black  copper  surface  is 
interpreted  as  a  normal  fluorescence  signal. 

IV.  THEORET T CAL  ANALYSIS  AND  COMPARISON  WITH  EXPERIMENT 

The  techniques  that  have  been  used  in  the  design  and  analysis  of  the 
disk  amplifier  include  an  optical  power  flow  analysis  of  the  pumping 
in  the  laser  head,  a  calculation  of  the  effect  of  fluorescence  amplifi¬ 
cation  on  the  achievable  inversion,  and  a  determination  of  the  inversion 
limits  set  by  parasitic  oscillations  in  the  disc  amplifier.  Details 
of  these  calculations  and  comparisons  with  experiment  follow. 

The  pumping  in  the  disk  laser  was  analyzed  using  a  model  of  the 
spectral  emission  and  absorption  of  the  xenon  f lashlamps( l®)  and  a 
versatile  optical  power  flow  analysis  program^*  .  The  physical 
details  of  the  lamps,  disks  and  disk- lamp  support  structures  were 
modeled  in  detail,  using  the  capability  of  the  power  flow  program  to 
accept  complicated,  varied  geometries.  The  optical  rays  which  are 
followed  through  the  laser  structure  were  started  uniformly  at  random, 
throughout  the  lamp  volumes.  Each  ray  carried  spectral  power  data 
corresponding  to  two  hundred  wavelength  intervals  from  2000  A  to 
1.2  n.  The  initial  power  in  each  interval  was  set  to  correspond  to 
the  xenon  plasma  emission  ct  the  interval's  center  wavelength.  The 
ray  was  then  followed  through  the  laser  geometry.  The  ability  to 
treat  each  wavelength  interval  separately  allowed  the  wavelength 
dependent  reflectivity  of  the  gold  cavity  surfaces  and  the  complicated 
glass  absorption  spectrum  to  be  treated  accurately.  The  amount  of 
power  absorbed  by  the  laser  glass,  the  cavity  surfaces,  and  the  lamp 
plasma  was  thus  found.  Since  the  flashlamps  absorb  part  of  their 
own  radiation,  both  before  and  after  its  passage  into  the  cavity, 
it  was  necessary  to  make  separate  calculations  to  determine  the 
initial  absorption  of  the  rays  before  they  leave  the  lamps  and  the 
subsequent  absorption  of  the  rays  as  they  pass  through  the  lamps, 
glass,  etc.  The  initial  internal  absorption  was  found  by  doing  a 
separate  calculation  with  completely  absorbing  medium  surrounding  the 
lamps.  A  self-consistent  calculation  was  then  used  co  find  the 
convex aion  efficiency  from  electrical  power  in  the  lamps  to  pumping 
in  the  glass.  The  principle  of  the  self-consistent  calculation  is 
described  in  Appendix  A.  The  calculated  values  of  peak  inversion  as 
a  function  of  bank  energy  were  fitted  to  the  experimental  results  by 
varying  the  one  free  variable  in  the  calculation.  This  variable 
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called  (Q)  represents  the  combined  uncertainties  in  the  absorption 
quantum  efficiency,  stimulated  emission  cross  section,  fluorescent 
decay  in  the  glass,  and  inaccuracy  in  the  flashlamp  model.  Nominal 
values  are  assumed  for  the  components  of  Q,  and  deviation  from  these 
values  is  reflected  in  a  variation  of  Q  from  unity.  A  factor  of 
1.06  was  also  included  because  the  experimentally  probed  central 
region  of  the  disks  had  a  higher  energy  density  than  the  disk 
average  (this  factor  was  found  by  a  power  flow  calculation  in  which 
the  disk  was  divided  into  a  number  of  small  segments).  The  match  for 
a  Q  of  0.5  is  shown  by  the  solid  line  in  Fig.  4.  Agreement  is  good, 
but  the  non-unity  value  of  Q  indicates  that  a  problem  exists.  The 
absorption  quantum  efficiency  (not  to  be  confused  with  the  fluorescence 
conversion  efficiency)  needed  to  give  Q  =  0.5  is  inconsistent  with 
measured  values^2)  Qf  unity.  A  more  likely  source  of  the  discrepancy 
is  the  flashlamp  model,  which  is  based  on  sparse  experimental  data. 

The  fluorescent  decay  was  modeled  by  a  single  300  jusec  decay,  which 
may  be  wrong.  It  is  also  possible  that  the  assumed  value  of  the 
stimulated  emission  cross  section  o  used  to  relate  small  signal  gain 
to  stored  energy  density  is  incorrect  (3.0  x  10-2®  cm2  was  used). 

The  fluorescent  loss  rate  in  a  laser  disk  is  increased  above  the  normal 
rate  when  the  gain  across  a  disk  is  large  enough  that  spontaneously 
emitted  radiation  is  significantly  amplified  before  it  exits  from  the 
disk  or  is  absorbed  at  the  edge.  This  process  has  been  studied  in 

detail^) 

using  the  same  optical  power  flow  program  used  in  the 
pumping  analysis.  A  negative  loss  coefficient  was  used  in  an 
elliptical  disk  to  simulate  the  optical  gain  of  the  pumped  laser 
material.  A  Lorentzian  line  profile  was  assumed  for  the  gain,  since 
this  gives  a  reasonable  approximation  to  the  more  complicated  actual 
line  shape.  This  calculation  yielded  the  nonlinear  relation  between 
energy  density  and  loss  rate  in  the  disk.  The  differential  equation 
for  the  inversion  was  then  integrated,  assuming  a  half-sine  pump  pulse 
and  the  calculated  loss  rate.  The  peak  inversion  resulting  from  this 
integration  is  plotted  against  the  pump  energy  in  Fig.  6  for  a  pump 
pulse  width  equal  to  the  fluorescent  lifetime.  The  point  on  the  curve 
corresponds  to  the  operation  of  our  laser  at  peak  bank  energy.  The 
reduction  in  peak  inversion  is  only  about  0.03  of  the  peak  value  in 
the  absence  of  fluorescence  amplification,  and  thus  can  be  ignored. 
However,  fluorescence  amplification  arises  rapidly  as  the  across- 
disk  gain  increases,  and  therefore  may  become  significant  for  larger 
disk  lasers. 

Lasers  are  subject  to  pa\asitic  oscillations  if  careful  measures  to 
suppress  the  oscillations  are  not  taken.  These  were  first  noticed  by 
Swain  et  al^2).  Such  oscillations  arise  because  of  the  large  gain 
available  in  a  laser  structure.  They  are  harmful  because  once  a 
parasitic  oscillation  has  begun,  no  more  inversion  increase  is  possible 
in  the  oscillating  mode  volume.  This  problem  has  also  been  analyzed^) 
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A  simple  analysis  was  used  which  ignored  the  effects  of  phase  and 
diffraction,  since  these  effects  will  be  small  in  a  resonator  such 
as  a  laser  disk  which  is  much  larger  than  a  wavelength.  The  gain 
along  a  path  such  as  the  one  shown  in  Fig.  7  was  calculated  as  a 
function  of  the  face  and  edge  intersection  angles,  assuming  uniform 
gain  in  the  disc.  The  lowest  loss  path  is  the  one  which  lies  in  a 
plane  across  the  diameter  of  the  disk,  and  which  hits  the  faces  at 
the  snu  ’lest  angle  from  the  face  normal  which  still  allows  total 
internal  reflection.  The  only  losses  on  such  a  path  com<  at  the 
edge  reflections.  At  the  oscillation  threshold  this  edge  loss  must 
just  cancel  the  path  gain.  Since  the  path  length  for  this  path  is 
the  disk  refractive  index  n  times  the  diameter  D  (assuming  the 
disk  is  in  air) .  we  must  have 

R  exp  (nDa)  =  1 

at  the  oscillation  threshold,  where  a  i9  the  gain  coefficient  in  the 
laser  material  and  R  is  the  edge  reflectivity  (at  the  complement  of 
the  face  angle  for  total  internal  reflection).  For  example,  if  aD 
is  equal  to  3  (i.e.,  the  across-disc  gain  is  20),  and  the  index  is 
1.56,  then  the  reflectivity  must  be  less  than  17.  to  avoid  oscillation. 
The  most  practical  method  of  achieving  th»  required  low  reflectivities 
is  to  coat  the  edge  with  an  absorbing  substance  with  an  index  slightly 
above  that  of  the  laser  material  (an  index  lower  than  the  laser's 
allows  lossless  oscillations  near  the  disk  periphery).  The  reflection 
will  then  be  due  only  to  the  refractive  index  difference  at  the  disk¬ 
coating  interface,  and  thus  can  be  kept  small.  From  a  practical 
standpoint,  the  coating  should  match  the  disk's  thermal  expansion 
coefficient  (for  ease  of  application),  and  it  should  be  able  to 
withstand  large  power  loadings.  Even  if  the  coating  absorbes  no 
pumping  radiation,  it  must  absorb  about  1/3  of  the  energy  stored  in 
the  disk.  This  loading  is  due  to  fluorescent  loss,  which  mostly  goes 
to  the  disk  edge. 

The  effects  of  unsuppressed  parasitic  oscillation  are  illustrated  in 
Fig.  4.  The  theory  that  is  given  in  Ref.  13  indicates  that  at  a 
certain  gain  threshold  oscillation  begins,  and  the  disk  gain  remains 
constant.  However,  the  fluorescence  that  is  observed  through  the  disk 
edges  (see  Fig.  5)  does  not  show  a  knee,  or  threshold  point,  which 
would  indicate  that  oscillation  had  begun.  This  indicates  that  the 
parasitic  mode  structure  in  the  actual  laser  disks  is  somewhat 
different  than  that  analyzed  in  the  simple  mode.  In  addition,  the 
calculated  edge  reflectivity  that  is  necessary  to  cause  oscillation 
at  al  =  0.95  (pj?  =  0.43  J/cm^)  is  about  30  -  407..  This  is  higher 
than  preliminary  measurements  on  the  internal  smooth  ground  edge  would 
indicate  (~107.).  The  parasitic  model  assumed  spatially  uniform  gain 


in  the  disks,  which  is  not  the  case.  An  oscillating  mode  may  develop 
in  the  heavily  pumped  face  regions  of  the  disk.  This  mode  should  not 
seriously  deplete  the  overall  inversion,  but  it  may  contribute  to  the 
observed  large  parasitic  fluorescence  signal.  Additional  study  on  the 
parasitic  mode  structure  and  the  internal  surface  reflectivities  of 
laser  media  is  required. 

Parasitic  oscillation  will  set  a  definite  upper  limit  to  the  size  of 
disk  lasers,  since  oscillation  suppression  becomes  rapidly  more 
difficul-  as  the  across-disk  gain  rises.  With  present  suppression 
methods,  an  acrcss-disk  gain  at  the  fluorescent  line  peak  of  exp  (3) 
probably  represents  an  upper  limit.  The  construction  of  larger  lasers 
awaits  the  development  of  extremely  good  parasitic  suppression  methods, 
or  requires  some  sort  of  segmenting  of  the  disk  to  avoid  long  across- 
disk  paths. 

V.  DISK  AMPLIFIER  PERFORMANCE 

The  disk  amplifier  was  assembled  with  black  edge-coated  disks  and  its 
performance  was  tested  by  using  the  NRL  modified  CGE  VD-640  laser 
system  as  an  input  source.  The  output  energy  as  a  function  of  input 
energy  was  compared  to  a  theoretical  model  which  is  based  on  a  rate 
equation  approach  similar  to  that  first  formulated  by  Avizonis  and 
Grotbeck  .  This  can  be  used  to  predict  the  output  of  our  amplifier 
if  several  assumptions  are  made: 

(1)  the  amplifier  is  a  three  level  amplifier  because  the  lower 
level  decay  time  is  much  longer  than  the  pulse  duration.  The 
measurements  which  have  been  reported  all  give  values  for  this 
decay  time  in  excess  of  5  nanoseconds^-*" ; 

(2)  the  pulse  duration  is  long  compared  to  T2,  the  upper  level 
cross  relaxation  time.  From  the  theoretical  treatment  of 
Basov  et  al<19)  and  Gobeli  et  al(2°)  on  amplifying  ultrashort 
pulses,  one  can  estimate  that  T~  must  be  shorter  than  =-  30  psec 
or  operation  at  their  reported  level  would  not  have  been 
possible. 

In  this  case  an  equation  for  the  rate  of  energy  addition  to  the  pulse 
can  be  derived  in  the  form 

-  f  jl  -  exp  -  YE<  (1) 
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where  E(Z)  is  the  energy  density  at  a  given  distance  Z.  N  is  the  upper 
level  energy  density  (J/cm3).  Eg  is  the  saturation  flux,  which  is 
equal  to  hv/ o  and  is  ~  7  J/cm2  for  the  Owens-Illinois  ED-2  glass 
used  in  the  amplifier,  y  is  the  loss  coefficient.  As  has  been 
recently  pointed  out  by  Fill  and  Finckenstein^ 21 1 ,  this  equation  can 
be  put  in  the  convenient  dimensionless  form 


dto)  ■  2  ('  -  (-2E(Z»)  -  *  E(Z) 

where  E(Z)  =  E(Z)/E  and  ft  =  aN/hv. 

s  r 

For  input  energies  of  up  to  75  J,  using  values  of  gain  (derived  from 
the  small-signal  experiments)  equal  to  7.3  x  10'2  cm*1  and  8.4  x  10'2 
cm-1  and  a  loss  value  of  (5  4  2)  x  10" 3  cm‘1,  (for  both  250  psec 
and  1  nsec  pulses),  this  equation  describes  the  disk  amplifier  very 
well  (Fig.  8).  The  loss  coefficient  of  5  x  10'3  cm'1  (a  transmission 
of  887»  overall)  was  measured  both  with  a  low  power  Nd.YAG  laser  and 
with  the  output  from  the  64  mm  rod  amplifier  stage.  This  loss  is  due 
mainly  to  surface  scattering,  birefringence  in  the  preceding  driver 
stages,  and  angular  misalignment  in  the  disks  themselves. 

At  100  joules  input  the  disk  amplifier  output  was  less  than  expected. 
The  properties  of  the  64  mm  rod  source  were  investigated  to  account 
for  the  reduced  disk  output,  and  it  was  found  that  a  mechanism  exists 
which  degrades  the  coherence  and  collimation  of  the  beam  in  the  final 
rod  amplifier.  Figure  9  shows  time-averaged  shear  plate (221  interfero- 
grams  of  the  wavefront  for  intensities  below  and  above  the  onset  of  the 
effect.  The  ideal  wavefront  at  the  output  from  the  64  mm  rod 
amplifier  is  a  spherically  divergent  wave  and  the  lower  intensity 
case  (Fig.  9A)  shows  a  reasonable  approximation  to  this.  The  higher 
intensity  case  (20  -  30  GW/ cm2  peak  power  density)  shows  gross 
wavefront  distortion  (Fig.  9B) .  Burn  patterns  at  this  level  showed  a 
divergence  so  large  that  it  was  geometrically  impossible  for  the  beam 
to  pass  through  the  disk  amplifier.  The  nature  of  this  beam  degrada¬ 
tion  is  not  understood.  It  was  observed  however  that  the  output  beam 
from  the  disk  amplifier  as  well  behaved  at  power  densities  well  above 
those  at  which  the  beam  from  the  rod  system  had  become  unusable (23) . 

Energies  were  measured  using  large  carbon  cone  calorimeters^^1 
preceeded  by  glass  attenuators  which  reduced  tho  input  to  the  calori¬ 
meter  to  a  level  at  which  breakdown  in  the  calorimeter  did  not  occur 
(<  50  mJ/cnr).  The  attenuation  factor  of  the  filters  was  checked  in 
a  separate  experiment.  The  attenuation  was  found  to  remain  constant 
up  to  =“  25  J/cm2  where  surface  breakdown  occurred.  The  estimated 
accuracy  of  the  energy  measurements  is  ~  5%. 


VI.  SUMMARY 


The  present  system  has  shown  that  a  large  disk  amplifier  can  be  pumped 
to  an  energy  density  that  is  comparable  to  or  greater  than  equivalent 
diameter  rods  (the  64  mm  rod  in  the  system  is  pumped  to  ~  0.3  - 
0.5  J/cm^).  In  addition,  the  optical  quality  is  excellent,  the 
thermal  properties  with  N2  gas  cooling  are  equivalent  to  those  of  a 
64  mm  rod  which  is  liquid  cooled,  and  the  calculated  pumping  uniformity 
shows  a  gain  profile  which  is  smooth  to  *10%.  Methods  of  analyzing 
and  solving  the  parasitic  oscillation  problem  within  single  disks 
have  been  given.  Additional  work  on  sel f- focusing  in  these  systems 
must  be  done,  although  small  scale  self- focusing  damage  should  be  no 
worse  a  problem  than  in  an  equivalent  length  of  solid  glass. 


APPENDIX  A 

SELF-CONSISTENT  PUMPING  CALCULATION 

The  principle  of  the  self-consistent  calculation  is  illustrated  in 
Fig.  10.  The  computer  code'  '  operates  by  tracing  the  power  flow 
from  the  lamp  terminals  to  optical  radiation. 

The  electrical  input  power  I  and  the  radiation  that  is  absorbed  (both 
before  escape  from  the  lamp  and  after  passage  through  the  cavity  and 
back  into  the  lamp)  combine  to  produce  the  total  power  input  to  t  ° 
lamp.  These  sources  are  assumed  to  be  equivalent.  This  means  wf  ave 
assumed  rapid  thermalization  of  the  reabsorbed  optical  energy  ar 
spatial  equivalence  of  the  electrical  input  and  the  reabsorbed 
radiation.  The  total  power  input  is  converted  into  radiation  S  inside 
the  flashlamp,  and  heat  loss  H  to  the  lamp  wall.  An  amount  of 
radiation  A  is  absorbed  inside  the  flashlamp;  the  remainder  (S-A) 
exits  from  the  lamp.  Some  of  the  exiting  radiation  is  lost  by 
absorption  in  the  cavity,  some  is  absorbed  by  the  glass,  and  some  is 
absorbed  by  the  flashlamps.  The  power  absorbed  by  the  laser  glass 
does  not  all  become  useful  inversion;  a  portion  is  lost  as  heat  in 
the  glass  instead  of  contributing  to  excitation  of  the  ions  (absorption 
quantum  efficiency),  and  even  when  an  ion  is  excited  a  fraction  of  the 
pump  photon  energy  is  lost  due  to  the  energy  difference  between  a  pump 
photon  and  an  emitted  laser  photon  (quantum  defect).  The  ray-tracing 
optical  power  flow  program  automatically  calculates  the  effects  of 
the  quantum  defect,  but  quantum  efficiency  must  be  added  later. 

The  efficiency  we  desire  is  the  ratio  of  the  inversion  to  the 
electrical  input,  or  T|  =  U/I.  The  power  flow  program  yields  the 
radiation  starting  in  the  lamps  S,  the  total  initial  internal  lamp 
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absorption  plus  the  subsequent  lamp  reabsorption  F,  the  useful  inversion 
U,  and  (in  a  separate  black-exterior  run)  the  initial  lamp  internal 
absorption  A.  We  must  find  the  electrical  input  I  in  order  to  calculate 
T].  We  have  I  =  S  +  H  -  F,  where  H  is  the  heat  lost  to  the  flashlamp. 
This  loss  must  be  found  from  the  radiative  efficiency  of  the  flashlamps, 
which  may  be  determined  from  the  model  of  xenon  flashlamps^  The 

radiative  efficiency  is  R  =  (S-A)/(S  +  H  -  A) ,  so 


H  =  (S-A)  ^  - 


Therefore 


T)  = 


A 


F 


where  Q  is  the  quantum  efficiency  (assumed  constant  with  wavelength). 

The  self-consistent  calculation  of  transfer  efficiency  is  done  for  a 
number  of  input  current  densities.  However,  the  flashlamp  model 
derives  the  plasma  state  from  the  input  current  density  along,  and 
does  not  allow  for  an  increased  energy  input  due  to  radiation  reabsorbed 
from  the  cavity.  It  is  therefore  necessary  to  reduce  the  input  current 
density  so  that  the  sum  of  electrical  and  radiation  inputs  is  equal 
to  the  originally  assumed  electrical  input.  The  electrical  input  must 
be  reduced  from  S+H-AtoS+H-F,  or  from  (S-A)/ (R  +  A  -  F)  to 
(S-A) /R.  Since  the  power  goes  as  the  3/2  power  of  the  current 
density^)  ,  the  current  density  must  be  reduced  from  the  assumed 
value  by  a  factor  K  which  is  given  by 


It  should  be  added  here  that  the  lifetime  of  the  flashlamps  must  be 
calculated  from  their  total  input  power,  which  is  equal  to  the  total 
power  density.  The  self-consistent  relationship  between  transfer 
efficiency  and  instantaneous  current  density  is  determined  by  using  the 
procedure  described  above. 

The  actual  peak  inversion  in  the  laser  material  is  determined  as 
follows.  An  assumed  power  density  in  the  lamps  is  multiplied  by  the 
transfer  efficiency  (which  can  be  a  function  of  power  density)  to  find 
the  pumping  rate  in  the  glass  as  a  function  of  time.  In  practice  the 
transfer  efficiency  is  assumed  to  be  constant,  corresponding  to  a  power 
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density  =  0.72  times  the  peak  power  density.  Calculations  have 
shown  this  to  be  a  good  approximation.  This  pumping  rate  is  used  as 
the  forcing  function  in  the  differential  equation  which  describes  the 
decay  of  the  inversion  (in  general  this  differential  equation  should 
include  the  effects  of  fluorescence  amplification  and  parasitic 
oscillation^13)).  The  calculation  is  further  simplified  by  assuming 
that  the  spontaneous  fluo^scence  loss  reduced  the  stored  inversion 
to  0.66  of  the  value  it  would  achieve  with  zero  loss.  This  value  of 
0.66  is  appropriate  for  a  half-sine  pump  pulse  of  base  width  equal 
to  the  fluorescent  lifetime  of  the  material  (300  usee),  which  is  close 
to  the  situation  in  our  laser.  For  this  pulse  width,  a  given  inversion 
in  the  glass  is  associated  with  a  time  integrated  power  density 
dissipated  in  the  lamp.  The  current  density  which  corresponds  to  this 
power  density  must  be  reduced  by  the  factor  K  (eqn.  1)  to  accounL  for 
the  reabsorbed  optical  power  in  the  lames.  by  using  the  results  for 
a  single  flashlamp  discharge  circuit,^'  one  can  work  backwards  from 
the  corrected  current  density  to  find  the  stored  capacitor  bank 
energy.  An  additional  0.08  loss  is  included  to  account  for  the 
measured  capacitor- to-bank  transfer  loss. 
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Fig.  1  -  Individual  disk-lamp  holder  (scale  is  in  inches).  The  disk 
amplifier  assembly  consists  of  eleven  of  these  holders  placed  end 
to  end  in  a  zig-zag  pattern.  Twenty-two  lamps  each  60  inches  long 
are  slid  through  the  disk  holders  to  completely  surround  the  disks. 
Separate  top  and  bottom  reflectors  are  placed  around  the  disk  hold¬ 
ers.  All  of  the  metal  surfaces  are  gold  plated. 
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PROBE  LASER 


Fig.  2  -  Small  signal  gain  measurement  setup.  A  Chromatix  1000  C  Nd: 
YA-tG  laser  was  used  to  probe  the  disk  amplifier  gain.  The  wavelength 
of  the  probe  could  be  adjusted  from  0.96  n  to  1.079  n  . 


CAPACITOR  BANK  ENERGY  (KILOJOULES) 


Fig.  4  -  Comparison  of  experimental  and  calculated  energy  density  in  the 
disk  laser.  The  solid  line  shown  is  the  calculated  energy  density'  in  the  disks 
vs  flashlamp  input  energy.  The  solid  round  points  show-  the  measured  energy 
storage  (gain)  as  a  function  of  bank  energy  for  black  edged  disks.  The  open 
round  and  solid  square  points  are  experimental  measurements  of  gain  satu¬ 
ration  due  to  parasitic  oscillation  in  uneoated  disks. 
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Fig.  5  -  Peak  fluioescence  power  through  disk  edge  as  a  function  of  edge  prep¬ 
aration.  Coatings  were  not  applied  to  the  disk  edges  for  the  data  presented  here. 
Along  and  across  refer  to  observation  direction  along  the  disk  major  axis  or 
across  it  (i.e.  along  the  disk  minor  axis).  Notice  that  the  across  data  taken  with 
the  black  strip  between  the  disk  edge  and  the  holder  are  magnified  by  3. 3. 
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Fig.  6  -  Effect  of  fluorescence  amplification  on  peak  stored  energy  versus 
absorbed  energy,  calculated  for  a  disk  similar  to  that  in  the  NR L  amplifier, 
reduction  is  only  3%.  at  the  maximum  pump  energy. 


Fig.  7  -  Ray  path  which  bounces  off  both  laser  disk 
face  and  edge.  Between  edge  reflections,  the  path 
zig-zags  in  a  plane  perpendicular  to  the  faces.  The 
path  changes  to  a  new  plane  at  each  edge  reflection. 


B-23 


400 


_  250 


h- 

3 

Q. 

H 

o  150 


0  20  40  60  80  100  120 

INPUT  ENERGY  (J) 

Fig.  8  -  Disk  output  energy  as  a  function  of  input  energy.  Both  .25  and 
1.0  nsec  pulses  are  used  as  input  pulses.  Gain  values  of  a l  =  1.9  and 
a-t  =  2.2  were  used.  The  loss  coefficients  v  are  explained  in  the  text. 
At  the  higher  gain  level  of  al=  2.2  with  75  J  input  energy,  the  disk 
performs  as  expected.  At  110  J  input,  the  apparent  disk  gain  falls  due 
to  the  increased  divergence  of  the  input  beam. 
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(a) 


Fig.  9  -  Shearing  plate  interferograms  of  the  out¬ 
put  from  the  64  mm  rod  amplifier  interferogram 

(a)  shows  a  nearly  spherically  diverging  beam 
from  the  amplifier.  This  can  be  corrected  with  a 
8  M  focal  length  lens  of  yield  £  1  wavelength  of 
distortion  across  the  beam,  interferogram 

(b)  shows  gross  wavefront  distortion  present  when 
the  self-focusing  threshold  is  reached. The  figures 
were  photographed  from  burn  patterns  on  exposed 
and  developed  copy  paper,  supplied  by  Hadron,  Inc., 
800  Shames  Drive.  Westbury,  N.Y. 


Reproduced  from 
best  available  copy. 
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ABSORBTION 
(VIA  CAVITY) 

Fig.  10  -  Diagram  illustrating  the  flow  of  power  in  a  laser 
cavity.  The  return  of  power  to  the  lamps  after  passage 
through  the  cavity  (lamp  external  absorption)  requires  a 
self-consistent  calculation  of  the  electrical -to-inversion 
transfer.  See  text  for  discription. 
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ABSTRACT 

Fields  strengths  at  whicf  optical  damage  is  initiated  in  NaCl  have 
been  measured  with  a  mode- locked  Nd.YAG  laser  with  pulse  durations 
of  15  and  300  picoseconds.  Comparison  with  previously  reported  data 
with  a  Q-switched  laser  shows  that  the  field  strength  required  for 
intrinsic  optical  damage  increases  by  almost  one  order  of  magnitude 
from  10  V/cm  at  10"8  sec  to  over  If/7  V/cm  at  1.5  x  10’11  sec.  This  is 
in  qualitative  agreement  with  published  estimates  based  on  the  electron 
avalanche  breakdown  mechanism. 


*  Supported  by  the  Joint  Services  Electronics  Program  at  Harvard 
University  under  Contract  No.  N00014-67-A-0290- 0006  and  by  the 
Advanced  Research  Projects  Agency  at  Raytheon  Research  Division 
as  monitored  by  the  Air  Force  Cambridge  Research  Laboratories 
under  Contract  No.  F19628-73-C-0127 . 

t  Supported  by  NRL  Problem  K03-08.502,  ARPA  Project  Order  2062 
Project  62301D. 
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Damage  produced  by  laser  beams  of  high  intensity  in  transparent 
materials  has  been  studied  intensively  for  many  years.  It  is  only 
recently,  however,  that  the  effects  of  absorbing  inclusions  and 
self- focusing  have  been  carefully  eliminated,  and  the  intrinsic 
breakdown  mechanism  in  transparent  condensed  dielectric  media  has  been 
positively  identified  as  electron  avalanche  ionization1-®.  On  the 
basis  of  this  mechanism  and  known  characteristics  of  d.c.  breakdown 
by  avalanche  ionization,  Yablonovitch  and  Bloembergen2  predicted  a 
characteristic  dependence  of  breakdown  field  strength  on  laser  pulse 
duration.  In  this  note  an  experimental  determination  of  this 
dependence  in  the  sub-nanosecond  regime  is  presented,  which  turns  out 
to  be  in  general  agreement  with  those  prediction. 

The  measurements  were  performed  by  focusing  mode- locked  YAG:Nd  laser 
pulses  having  durations  of  15  and  300  picoseconds  inside  a  single 
crystal  of  NaCl.  Because  the  experimental  procedures  used  in  the 
present  work  were  identical  to  those  used  in  recent  studies  with  a 
Q-switched  YAG: Nd  laser, ^  the  subnanosecond  measurements  can  be 
directly  compared  to  the  results  of  these  studies.  It  is  found 
that  the  intrinsic  breakdown  field  increased  by  almost  an  order  of 
magnitude  to  over  10'  volts/cm  as  the  laser  pulsewidth  was  decreased 
from  10  nanoseconds  to  15  picoseconds.  Previous  data  with  pulse 
widths  typical  of  Q-switched  lasers  had  demonstrated  that  the 
dependence  on  pulse  width  in  the  nanosecond  regime  is  small  so  that 
relatively  little  information  on  the  time  dependence  of  the  avalanche 
process  was  available.7  Our  results  demonstrate  again  that  lasers 
can  be  used  to  measure  properties  of  dielectric  breakdown  which 
are  difficult  to  obtain  by  d.c.  techniques.®-11 

The  laser  used  for  the  present  work  was  a  passively  mode- locked 
YAG-Nd  laser  operating  in  a  TEM  mode  at  1.06  um.  Without  intercavity 
etalons,  this  oscillator  produced  bandwidth- limited  light  pulses  of 
15  picosecond  duration.  By  replacing  the  output  mirror  with  a  sapphire 
etalon,  the  pulsewidth  was  lengthened  to  about  300  picoseconds.  Two- 
photon  fluorescence  measurements  failed  to  detect  substructure  with 
pulses  of  either  druation.  A  laser-triggered  spark  gap12  was  used  to 
select  a  single  light  pulse  which,  after  attenuation,  was  focused 
through  a  15-mm  focal  length  lens  about  2  mm  into  the  sample.  Care 
was  taken  to  insure  that  spherical  aberrations  from  both  the  lens 
and  the  plane  entrance  surface  of  the  sample  being  tested  were 
unimportant.  An  energy  monitor  recorded  the  energy  in  each  laser 
pulse. 

The  intrinsic  damage  process  is  statistical  in  nature^’  becaus0  of 
the  fluctuations  in  the  formation  of  the  first  few  hot  electrons  in 
the  small  focal  volume  (about  10-7  cm2).  The  damage  threshold  can 
be  defined  as  that  value  of  the  r.m.s.  electric  field  inside  the 
sample  which  produces  damage  during  one  pulse  with  a  p  r>b  bility  of  0.5. 
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In  Naa  the  threshold  is  quite  sharp  and  damage  was  identified  by 

ioTH^nV  SPark  concomitant  rnelting  of  a  small 

region  M  x  10  cm  )  inside  the  crystal.  At  least  20  data  points 

taken  at  each  pulse  duration  at  the  0.5  probability  point. 

Beam  distortion  from  sel f- focusing  was  avoided  by  confining  the 
aser  input  powers  to  well  below  the  calculated  critical  powers  for 

of  si  f°S  °CU^?*  (St'e  Table  T)-  To  verify  the  absence 

25  ZV  "a’  tW“  dlfferent  lenses  (focal  lengths  of  15  mm  and 

25  mm)  were  used  to  focus  the  laser  radiation.  As  expectfd  from 

diffraction  effects  alone,  the  input  damage  powers  scaled  with  the 
square  of  the  focal  lengths.  If  catastrophic  se If- focusing  had  been 
present  with  the  subnanosecond  pulses,  the  input  damage  power  would 
have  been  independent  of  focal  length.4 

°MteS4tS  be6n  devel°Ped  to  distinguish  between  damage 

from  absorbing  inclusions  and  damage  from  intrinsic  breakdown. 6 
Two  of  these  tests  -  examination  of  the  damage  morphology  and 
examination  of  the  transmitted  laser  light  -  could  not  be  used  in  the 
present  work  because  of  the  small  volumes  of  the  damaged  sites  and 
-he  short  durations  of  the  laser  pulses.  But  because  breakdown  is 
virtually  threshold- like  in  Nad ,  other  tests  were  possible 
It  was  observed  that  the  damage  field  was  well  defined  and  did  not 

different  t YT"  °f  ^  Sample  Were  pr°bed  and  lenses  with 

different  focal  lengths  were  used  to  focus  the  radiation.  Also  only 

one  spark  occurred  with  each  damaging  laser  pulse,  and  the  spark 

always  appeared  to  form  at  the  geometrical  focal  plane.  These 

WWioiT  C°ntrasted  Wisth  those  obtained  under  conditions  where 

Poss^bW  forn8G  T  Ta-  U  W3S  therefore  concluded  that  except 
P  uT  f  occasional  damage  sites,  inclusion  damage  was  absent 

iad  N?C1  Und£^the  C°nditiona  «>f  our  measurement  as  it 

had  been  in  previous  work4  where  Q-switched  lasers  were  used. 

Table  !  summarizes  the  results  of  the  present  measurements  and  those 

\  u  ix}Crease  in  breakdown  strength  was  observed  as  the 
duration  of  the  laser  pulse  was  decreased.  As  the  pulse  duration 

oafS5CSainea  I0'!,™  t0  15  PS>  thCre  Was  3  total  change  by  a  facto 

5.8  in  damage  field  strengths  or  a  factor  of  33  in  damage  intensity 

The  experiment31  points  are  plotted  in  Fig.  1,  together  wUh  some 
semi-empirical  predicted  curves  taken  from  Ref.  3. 

In  the  subnanosecond  regime  electron  diffusion  and  self-trappinK 
may  be  ignored.  The  density  of  the  conduction  electrons  in  the 
avalanche  changes  exponentially  with  time, 


N(t)  =  N  exp 


[j  a(E)  dtj 


=  N  M  (t) 
o  c 


(1) 
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When  the  electron  density  exceeds  about  1C)!®  cm"  * ,  requiring  a 
multiplication  factor  of  roughly  Mc  ~  10®,  breakdown  is  said  to  occur. 
According  to  Eq.  (1)  the  ionization  rate  a(E)rms  is  related  to  the 
pulse  duration  as  follows: 

o  •  cp'1  «“  Mc  “  18  tp'1-  (2) 

This  relation  has  been  used  to  convert  the  quantity  a(E)  used  along 
the  vertical  axis  in  the  figure  of  Ref.  3  to  our  figure  which  uses 
tp-l.  We  have  shifted  the  curves  along  the  horizontal  axis  to  obtain 
agreement  with  the  experimental  values  for  the  breakdown  field  E 
for  the  long  pulses.  It  should  be  noted  that  the  d.c.  breakdown 
fields  quoted  in  references  8-10,  on  which  the  curves  in  Ref.  3  were 
based,  are  about  a  factor  2.3  lower  than  our  laser  values  for  Ertns. 
There  are  reasons  to  suspect  that  this  factor  is  due  to  systematic 
errors  in  the  d.c.  experiment.  First,  this  factor  of  2.3  is  nearly 
the  same  for  all  nine  alkali  halides  studied  at  10.6  /um^  and  1.06  /jm,^ 
and  second,  d.c.  field  values  are  average  values  without  regard  for 
field  inhomogeneities  from  space  charge  effects  which  can  be  important 
in  d.c.  experiments . !^ » ^  Consistent  with  the  approach  of  Ref.  1  and 
4,  it  is  therefore  more  meaningful  to  compare  trends  in  breakdown 
fields  as  different  materials  are  investigated  or  as  parameters  are 
varied  then  to  compare  the  absolute  values  of  breakdown  fields. 

It  is  seen  that  the  experimental  points  fall  close  to  the  upper  curve 
of  Ref.  3,  which  was  derived  on  the  assumption  that  the  mobility  in 
the  hot  electron  gas  is  independent  of  Emg.  Quantitative  agreement 
should  not  be  emphasized,  however,  because  the  analysis  is  based  on 
assumptions  which  are  questionable  over  the  range  of  damage  fields 
considered.  As  mentioned  before,  space  charge  and  electrode  effect 
may  considerably  alter  the  interpretation  of  the  d.c.  results®"!! 
and  consequently  to  transition  from  E^c  to  Erms  along  the  horizontal 
axis.  Furthermore  the  breakdown  field  at  the  shortest  pulse  durations 
becomes  so  high  that  it  is  possible  that  frequency-dependent  tunneling 
(for  multiphoton  ionization)  takes  over  as  an  intrinsic  damage 
mechanism.  In  Ref.  3  it  was  estimated  that  this  change  over  would 
occur  for  fields  higher  than  2  x  10?  V/cm  or  pulse  durations  shorter 
than  one  picosecond.  If  this  estimate  is  inaccurate  and  this  other 
intrinsic  breakuown  mechanism  begins  to  compete  with  avalanche  ioniza¬ 
tion,  the  trend  would  be  to  push  the  experimental  points  upward 
and  to  the  left  of  the  prediction  curves  based  on  the  avalanche  effect 
alone. 

In  summary,  intrinsic  laser- induced  damage  has  been  shown  to  be  a 
time-dependent  process.  As  the  laser  pulsewidth  was  decreased  to  13  ps, 
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the  damage  field  in  NaCl  increased  to  over  107  V/cm.  From  the  pulse- 
vidth  dependence  of  the  optical  damage  field,  a  field-dependent 
ionization  rate  was  determined  and  found  to  agree  at  least  qualitatively 
with  experiments  using  d.c.  fields.  The  agreement  underscores  the 
basic  similarity  between  intrinsic  laser-induced  damage  at  1.06  ttm 
and  d.c.  dielectric  breakdown  and  adds  further  support  to  the 
existence  of  avalanche  ionization  in  sel f- focusing  "filaments",  where 
effects  also  occur  on  a  picosecond  time  scale. 

We  wish  to  thank  M.  Bass,  L.  Holway,  E.  Yablonovitch  and  J.M.  McMahon 
for  numerous  helpful  discussions.  M.  Bass  and  J.M.  McMahon  were 
particularly  helpful  in  establishing  arrangements  for  this  work. 
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RMS  OPTICAL  ELECTRIC  FIELD  (MV/crr) 
1.0  10  100 


Fig.  1  -  The  functional  relationship  between  the  optical  break¬ 
down  field  strength  and  the  pulse  duration.  The  experimental 
points  are  compared  with  two  semi-empirical  drawn  curves. 
(A  discussion  of  these  curves  is  given  in  the  text  and  in  Ref.  3.) 
The  experimental  error  bars  reflect  experimental  uncertain¬ 
ties  in  the  absolute  field  strengths. 
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